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NATIONAL PITCH-RESERVOIR 


MARK 


THE NEW PITCH-RESERVOIR NIPPLE, an 


exclusive ‘National’ product, is another 
major contribution by National Carbon | HERE'S HOW IT WORKS: I 
Company to more efficient electric furnace | Reservoirs near each end of the nipple contain ! 
operation. You can now be sure thot tight 1 pitch. As the electrode column becomes hot in 
joints will stay tight under normal load and service, the pitch flows from the reservoirs into ' 
service conditions. ' the threaded sections of the joint and cokes out, ' 
' cementing and locking the threads of the nipple , 
and sockets together. 
“NATIONAL” PITCH-RESERVOIR NIPPLES, desig- ! 
diameters from 14° to 24”. Thoroughly proved in 
service, they are identical in strength, size, shape, FOR ELECTRODES AND ELECTRODE SERVICE... 


tolerances, Composition and quality to our standard, Rely on NATIONAL CARBON COMPANY! 
term Nation @ registered 


tapered, graphite nipples. Talk it over soon with your 


Cart poretios 


NATIONAL CARBON COMPANY 
A Division of Union Carbide and Carbon Corporation 
BO Kast 42nd Street, Wow York 17. 


EXCLUSIVE DESIGN San fo Conade: Castide Canads Limited, Terente 


National Carbon Company electrode representative. 
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Published to provide a continuing, authori- 
totwe, and up-to-dete record of tech- 
nologicol, engineering, and economic 
progress in all branches of the metals 
industry by the 
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Metallurgical Engineers, inc 
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Major Advance 


Higher Pumping Speeds in Critical Ranges 


“ it I 
f I} 
diff haust na 
Shorter Pumping Cycles for all high vacuun 
Higher Forepressures. t blank 
p sl hea 


Sizes Available NOW 
| on Pump 16.10 fand 16 ine 
Booster Pum 1, 6, 10 and 16 inche 


Use the Coupon (upper right) to request 


pecificati ind performance curves 


STOKES MAKES: Kigh Vacuum Equipment, Vacuum Pumps and Gages / Industrial 
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F. J. STOKES MACHINE COMPANY 
5500 Tabor Road, Philadelphia 20, Pa. 
Please send me complete specifications and performance curves on: 


Diffusion Pumps Booster Pumps 


ry 
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Application 


EQ NAME 

COMPANY 

ADORESS 


city 


The NEW Stokes RING-JET Diffusion and Booster Pumps 
Increase Pumping Capacity More Than 50% 


The revolutionary design of the new Stokes Ring-Jet* Diffusion and 
Booster Pumps is a major development in diffusion pump techniques. 
It is a high point of achievement in Stokes’ 50 years of experience 

in building high vacuum equipment. 


Here, briefly, is a description of the old and the new... the 
development which has given Stokes Ring-Jet Pumps such high 
pumping capacity. Diffusion pumps have as one limiting factor 

the cross section of the air flow path. A second limiting factor is the 
distance from the jet to the condensing surface. 


The new Stokes Ring-Jets replace the conventional jet cone with a 
ring of jets. This increases the cross-sectional area of the air flow path 
without increasing the distance to the condensing surface. The effect 
is to increase pumping speeds on some models more than 50%. 


Increased pumping speeds, shorter pumping cycles, smaller 
mechanical pumps, operation against higher forepressures, are 
outstanding advantages 
of the new Stokes : 
the coupon for full in- 


4 
formation T 


*Potents Pending 


Tabletting, Powder Metal and Plastics Molding Presses / Pharmaceutical Equipment 
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D. H. Polonis 64) irrently 


working Ph.D metal 
pt st the University of Britist 
Cs mbia. M ed 
Cc und h MAS 
t Toronto ir 


J. C. Carpenter (p. 24) has beer 
ited with the Ferro Ex 
‘4 4 ‘ pta 
is a ance ( 
M ‘ te 
PROFESSIONAL SERVICES 
Limited Aim members, of to Com 


east one AIME 
Rotes $40 per 
yeor per mch 


panies that hove oat 


be thew stafts 


OXYGEN IN METALS 
By Wet Procedure 
to 
x MPANY 
Met hemist troscopy sts 
— 
DR. B. EGEBERG 
Mer Consultant 
Meriden, Conn 
PROMPT 
TECHN TRANSLATIONS FROM GER 
MAN PANISH, FRENCH INTO ENGLISH 
‘ WORDS OF THE ENGLISH 
TRAN 


Hilltep Ave Clerk-Rehwey, NJ 


MAX STERN 
Consulting Engineer 


xpert | crap Recovery and Ship 

wreck Mode rotur Plonts 

for Ferrous ond Nonferrous 
Metal Scrag 


149 Broedwey New York 6. N.Y 


H. L. TALBOT 


Comsulting Metellurgice! Enginee: 


Fut md Refiniw 


Bose Metols 
mn Cobo! ond 


Room 331, 84 Stete St. Boston 9. Mons 
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Meet The Authors 


as tant etallurgist at the Cleve 

land pla M penter was born 

at East Cl | i graduated 

fr f e | te Technology 

Ir pare ‘ e does amateur 
work 


J. Bruce Clemmer (p. 51) jo 
U. S. Bureau of Mines in January 


Rag 4 sated 
Mine M i colofM 

‘ 
i ‘ Salt 
Lake Se na A 


E VAN METER 


J. B. CLEMMER 


E. Van Meter (; 19 i native of 


iul nve t ~ ation 
the ese laborat 

> et Ir 

rie ‘ ted with the 


ste t 1950 to 
M Va Mete Vas graduate 

Meter 
of He 


the Chicago Loca 


Carl Rampacek (5 1) is a graduate 


ty Omahi 


Ure ana 
Ne! i itior e wa 
luats vork at the 
M Scho Mines. In 1939 
I lips Petrole 
©, VVKia i researc! 
ne ai te 
Bureau of Mines ir 
cia f tuor 
t a etallurgist 
Mr. Rampacek is presently chief of 
‘ pment and esearc? 
ta gica liv Regior 
\riz. He is a member of 
ME and Ame an Une cal 
J. J. Oraves i graduate 
U? State Universit Ss pre ently 
e >. oteel rt ig 
re ed his degree fr Ohio 


J. J. ORAVEC J. SEYMOUR 


(p. 17) has been 


melting supervisor 


Joseph Seymour 
rgist and 


metaliurgist 


for Kensington Steel Co., Kensing- 
ton, Ill. for approximately 10 years 


He was a years 
and then held the position as night 
melting dept. for the 
Mr. Seymour was born in 
and attended the Illinois 
of Technology. His hobbies 
photography and woodwork- 


chemist for seven 

upervisor 
same firm 
Chicago 
Institute 
inciude 


P. E. Churchward (p. 51) is a metal 


lurgist with the Bureau of Mines 
located at Salt Lake City, Utah. Mr 
Churchward has been associated 


Bureau 1939. He is a 
of University of Washing- 
1928 to 1934 he 


with tne since 
graduate 


ton, B.S., M.S. From 


was a chemist with Crown Willa- 
nette Paper Co., Camas, Wash. Prior 
to joining the Bureau of Mines, Mr 
Churchward was an instructor in 


chemistry and physics at Grays Har- 
bor Junior College 


19) is presently 
> research and 


M. O. Holowaty (p 
chief of raw materials 
levelopment dept Indland Steel 
Co.. East Chicago, Ind. Dr. Holowaty 
n the Ukraine and gradu 
ated from the University of Breslau 


He is a member of AIME 


wa 


M HOLOWATY 


Hadley (p. 55) is a native of 
Warren, Ohio and attended Purdue 


University and Carnegie Institute of 


Technology. Dr. Hadley was an offi 
cer r the field artillery during 
World War Il. He joined General 
Elect: Co n 1949 as a resear< h 
associate in the laboratory. At pres- 
ent he ts engineering manager, Met- 
allurgy and ceramics, major appli 
ances laboratories 
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= 
pe Lt inada. He 1929. He ese hief of the 
holds membership in AIME and hi metallurgical div. Region IV, Salt 
Chemica! 
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| 
HADLEY 
St For 1 Mr 
eee Sta 42. For four years Mr 
He es Orave 1s in the Army and in 1946 
oined U. S. Steel 


Compact, versatile 


x-ray inspection unit 


Sturdy control cabinet measures 


ISx 18x 14 inches feature 
laree easy-to-read dials, pin 
poimt a acy peration 


General Electric OX-175 
can help you cut costs 
... improve quality 


Openit g new horizons for industry in the use 
of X-ray inspection is G neral Electric's new 
OX 175. This rugg d lightwe ght ap} iratus 
handles the widest work ng range ever co" 
ered by a single x-ray unit 

The OX-175 can be easily moved from one 
job to the next, and its 200 fect of cable 
gives it extra pe rtability, H ghly versatile, the 
OX-175 can equipp. with angle-targ 
tube for 60° field of radiation. With fat-tas 
get tube it will produce a 460° field of radia 
tion that will ra liogray h an entire circumfer 
ent al we Id im ore Cx] osure This also j crmits 
simultaneous radiographing of a large num 
ber of castings or assemblies by grouping 
these around the tube hea 

In addition, the sn all size of the tub 
makes it ideal for inside-out rad: graphy 
greater radiographi covctay better 
radiographs, and reducing protective needs 

Cret all the facts from your G-F x ray ret 
resentative Or write X-Ray Department 
Shown here is inside-out x-ray inspection of a vessel weld G eral Electri Company Milwaukee ', 

Wisconsin, for Pub. AY14 


Progress /s Our Most /mportant Prod. 


GENERAL ELECTRIC 
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NICKEL in IRON 
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By A. M. HALL, 
Battelle Memoria! Institute 
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Available Now .. 


ON.APPROVAL copy 
JOHN WILEY & SONS. In 
440 Fourth Ave. New York 16 N Y 
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ORDER YOUR BOOKS THROUGH 
AIME—Address K. Sherp, Book 
Department. Ten pct discount given 
whenever possibie 


Books for Engineers 


Physical Chemistry and Metal Ex- 


traction, D. W. Hopkins. J. Gar- 
net Miller Lt approx. $4.80, 232 pp 
1954—The book has been prepared 
for the use of students of extractive 
etallurgy, research workers in the 
nheiad of p ‘ t as applied 
te actior between metallic com- 
pound metals and ag and tech- 
pe! nnel ontroliing or 1e- 
ping metal extraction processes 
T f the ibject i 
treats xtent eeded for an ade- 
jyuate tar f the practical 
pplicat Specia mpha 5 
ed eve) n funda- 
t ple atr 
‘ ‘ 


Deterioration of Materials, edited | 


Gler 4 if 
We f g 

154— The ok ha 
‘ pa t the 4 atior 
tne t ratior 

f al ind pre t prover 

lete ition. The publist 

t t DOOK 

I aia 4 4 

t ng a wide 

I lume 

the ‘ phys 

il agent 

te act 

ipe textile ord 

t and 

Ue? ind er 

tronic and other 

j fication: storage 


FRI Register of British Manufac- 


turers, 27th ed r liffe & § 
pt x. § ] pr 1954 
wife f the 
he Re the 
trar 
nead the bu 
t each one having 
lex urd for ease 
it 6800 FBI em be 
are ted under n e thar 
ead gs the Duver 


Product Directory of the Refrac 
tories Industry in the United States. 


Institute, $2.00. 157 
Purpose f the lirectory 
nad acaca©resse or 
fact refractori« the 
S t s of plants, the product 
ana tne r trade 
ie vt h the Acts are 
i. The book is cross iexed 


Engineering Metallurgy, by E. M. H 
Lips. Philips’ Technical Library, 
$6.25, 246 pp. 1954—For both the 
metallurgist and the practical engi- 
neer, this volume brings the study 
of metals into direct relationship with 
present day construction techniques 
Latest metal presented in 
such a way as to make it easy for 
the engineer to find the information 


to deal with a specific situa- 


Gata is 


he needs 
tion. It presents such things as values 
of the characteristics of materials he 
plans to use, or what particular treat- 
ment is needed to produce the phys- 
ical properties he wants in these 
materials. Available in U.S., through 
Elsevier Press, In 

A Dictionary of Electronic Terms, 
edited by Gordon R. Partridge. Allied 


lio Corp., 25¢, 72 pp., 1954—The 
ction contains more than 3500 
terms used in television, radio, and 
ndustria electronics Definitions 


cover mostly modern techniques and 
equipment, Dut range many 
words no longer in general use to 
the new language of color television 
and electronics of nuclear physics 
Textures cf the Ore Minerals and 
Their Significance, second edition, by 
A. B. Edward Australasian Insti- 
tute f Mining and Metal irgy, 242 
pp., 1954—The of a 
of lectures delivered to grad- 
iate studen geology dept. of 
the University of Melbourne. While 
mprehensive, it 


from 


DOOK consists 


series 


ts in tne 


not claiming to be <¢ 


attempts to bring together the signif- 
icant ideas relating to the origin of 
mineral textures and their applica- 


tions to geological and metallurgical 
problems. The approach, in the main 
genet 

Metal Statistics, 42nd annual edition 
Metallgesellschaft A. G 199 pp., 
1954—The work presents statistical 
tabl ninum, lead, copper 
rir tin cadmiun magnesium, 
nickel, mercury, and silver. Produc- 
tion and consumption statistics are 
presented for various countries 

Physics Literature, by Robert H 
Whitford Scarecrow Pre $5.00 


223 pp., 1954. A guide at the college 


les on alur 


level, this book describes the types 
ind forn of literature available 
lists a selected working collection 
and outlines briefly the use of books 


and libraries. There are both author 
and subject indexes 


Behavior of Metals Under Impulsive 
Loads, by John S. Rinehart and John 


Pearson. American Society for Met- 
I $5.50, 256 pr 1954. This book 
es the character of impulsive 
oad ina¢e which such 
oad ae phe- 
n ena r lais 
are AH a 
oad f st 
ea 
erated 
na 
ire under impulsive loads 
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a part rhe 
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$95 pages 
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HE following employment items are mode 
available to AIME members on a non- 
profit basis by the Engineering Societies Per- 
sonnel! Service erating peratior 
with the Four Founde creties. LOca! offices 
of the Personnel Service ore ot 8 W. 40th St 
New York 18; Fornsworth Ave. Detroit 
7 Post St, Sew Francisco; 84 E. Randolph St 
Chicago 1. Apr ts § address ma 
to the proper key numbers in core of the 
New York € e & . tom 
“ 5 The 
Dy 
means of the Serv the placement 
secure week Ss ovo 
ble for ter $l2 0 ye 


——— MEN AVAILABLE 


Metallurgical Engineer, 34. Seven 
ible experience In 


development, cust 


years respons 


omer service and 


technical supervision with specialty 
steel and aircraft engine ma 

turers Desires associatior with 
smaller manufacturer, fabricator or 
producer in techr il sales « per 


vision. M 


POSITIONS OPEN 


Engineers. a) Junior metallur 


gist, under 30, w engage re 
earch in the high temperature and 
wear re tant materials field. Sa 
ary, $4500 to $5400 a year t Chief 
metallurgist i tant director of 
t experienced n 
pow der etallu ind refractory 
etallurg the f ls of high ten 
perature ‘ ‘ t cemented 
art le ar tox «rt W | tame 
ha e oup Ing 
ind ogre ve luate etallu 
gists and ‘ net Sala 
about $9000 a Location, West 
chester County, N. Y W774 
Metallurgist wit experience ir 
mechanical metallurgy na mater 
i] nvestigat ‘ fe 
perature applicatior Salaries open 
Location. Ohio. W757l« 


Metallurgical Engineer for weld 


ng. mater test Salary $4900 
to $5400 a ve Location. New York 
State. W751 

Engineers. (a) A tant ector 
of researc! 40 or ove! raduate 
etal gist t me expe ence 

pow de If qualified 
will eventua be ‘ tor of 
research int ‘ ad need pow 
eta irs t +} 
carbide ~4ia t tart at it 310 
000 a year P luction en, eer 
40 inger, graduate met 
able to steer a larg : 
eratior nt t pliant ‘ 
then into a f ict e fo 
pow ljered eta prod act Salar te 


start about $10,000 a year. Location, 


East. W683 


Metallurgical Engineer, to take 
charge of the metallurgical prob- 
lems of a mining operation. Should 


have of flota 
thon, cyar 
possible 


running 


thorough knowledge 
lixiviation 
e knowledge < 

acid plant Ac 
for man and wif ly 


Location, Chile. 


ana if 


eon 


com lation 
Salary 2 


open 


Mining Engineer, 30 to 40, mini- 
mum of 5 years experience in metal 


mining not coal practices and 
knowledge of metal mining and ex 


plor: tion Will Keep abreast of de- 
velopment in mining department 


ned in- 


present 


and keep executive concer! 
formed; will organize and 


studies on operating results and spe- 
follow up spe 
ng knowledge of 


} 
mir 


cial ing projects 


clai projects requir 
ning and exploration procedures 
and familiarity with sources of in 


r Some traveling 


York, N. Y 


tor? atio 


quarters New 


Wi 


Junior Engineer, mining or civil 


engineering graduate, for field work 
n gold dredging project. Must be 
negele Tw ear contract Salary 
S3600 a ea plu roor and board 
Location, Columbia. F44-S 


METALLURGICAL ENGINEER 


Metallurgical or Chemical Engineering Grod- 
wote wonted to assist Melting Degertment 
metallurgist in steel mill moking high 
speed, tool, stainless, speciolty steels and 
high-temperoture Reply giving de- 
toils of educotion, experience, age, refer- 
ences, etc 
Box A-1M AIME 
29 W. 39th St, New York 18 


Metollurgist for leboretory work in steel 
mill moking high-tempereture elloys 
speed, tool, stommless ond speciolty steels. 
Work will include metollurgical examine 
tion of moterials, writing of reports, con 
ducting imestigations of mill problems in 
volving @ large veriety of alloys. Good op 
portunity for greduete with | te 3 years 
expervence. Reply giving educotion, experi- 
ence, age, references, etc 

Box A-3M AIME 

29 W. 39th St.. New York 18 


Metallurgical groduete with severol yeors 


for process development in steel! 


experience 
mill moking high-temperoture alloys 
speed, tool, stoimless ond speciality steels 
Duties would involve development of pro 
cessing procedures for new olloys os well 
os the improvement of processes for ested 
lished alloys under direction of Process De 
velopment Metallurgist. Reply giving de 
toils of educotion. experience, age, refer 


ences, etc 
x A-2M AIME 
New York 18 


Bo 
29 W. 39th St 


METALLURGISTS 


A velopment nciudes com 
t oment for high ter 
pe ture mognet y 
4 ree rec it 
" y um melting 
the tec? Devel 
ex phy met 
) stote phy: 
neering. ipplica 
write 


Westinghouse Electric 
Corporation 
Educational Department 


East Pittsburgh Pa 


COLUMBIA 


KENNECOTT 


A r the jwora 
They et 
Metollurg 
T} mi ch 
y 4 
M 
forg 
work 
tion ++ tment 
r nd te 
Mine 
‘ ‘ niversity Adm r 
Tr 


SCHOOL OF MINES 
HENRY KRUMB SCHOLARSHIPS 
WILLIAM CAMPBELL FELLOWSHIPS 


the ocaoder yeor 
Muir Muir Er 
re 
te 
“ $7 
leg 
restricted ¢ 
Fr 
tng 
ws tudernt nm the 
w York i 


UNIVERSITY 


SCHOLARSHIP 
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e Naresco Equipment Corp. has put 
a new 30 Ib induction heated vacuum 
furnace on the market. The equip 
ment sales subsidiary of National 
Research Corp. states that furnace 
is available with either a vertical or 
horizontal shell. The furnace is com 


Industrial Notes 


Regulator Co. The new center will 
vities at the 
main office and factory in 


a 
ert Martin, assist 


Freeport, Ill. Wilt 


ipplement research acti‘ 


ant director of product re earch and 
jevelopment will be in charge of 


© With its first nonferrous metals 


casting clir 1 ccess, Federated 
Metals D American Smelting & 
Refining Co., plans to hold simiier 
i ther part f the cout- 
try The ret held at tie 
mi Ne Jersey laboratorie 
October. The first « c attracted 
85 foundry supervisors and metal- 
irgist from about 45 nonferrous 
narte n the metr I litan New 
York and Philadelphia area 


« Tabor Mfg. Co., 70 year old manu- 
facturers of foundry molding ma- 
chines and equipment, has become a 
division of Turbo Machine Co., 
Lansdale, Pa. Turbo announced that 
the complete Tabor line will be 
made in Lansdale Purchase _ in- 
volved business name trademark, 
inventories, patents, and licenses, 
but did not include remaining assets, 
principally fixed assets, which will 
be sold at auction 


@ Battelle Memorial Institute is 
planning a $1.53 million expansion 
of its nuclear energy research facili- 
ties. Funds have already been ap- 
propriated by the Institute's trustees. 
On the program is the construction 
of a nuclear reactor, a reactor de- 
velopment laboratory, and a nuclear 
fuels laboratory, and installation of 
a large cobalt-60 source. 


e Pennsylvania Salt Mfg. Co. has 
acquired ali patents and as 
the Gilron Products Co. of Cleve 
land, @hio. One of the products fea- 
tured by Gilron is Drawcote, a light 
drawing compound widely used in 
the automotive, appliance, and mu 


nitions industry 


e Jones & Laughlin Corp. plans to 
spend $50 million for improvement 
and expansion of plant and equip- 
ment in 1955. Most important of the 
projects involved are: additional 
equipment for producing new joist 
sections at the 14 in. bar mill at the 
Aliquippa, Pa. Works. Additional 
facilities at Aliquippa for production 
of high strength and special seamless 
tube products used in the oil indus 
try; an electric-weld pipe mill at Al- 
iquippa designed to produce pipe 
for the oil industry and broaden 
market scope; improved and addi- 
tional wire and wire specialty manu- 
facturing facilities; and a continu- 
ous sheet galvanizing line at Pitts- 
burgh. 


ng and cast 
te-size pro 
metals or for 
plant work 
F. J. Stokes 


ia, Pa. The 

ing ipacity 
other meta 

ano on 

nd 4 ft long 


pletely self contained, has a co-axial e | 5. Gypsum Co. has launched 
power feed-through, and has facili umpaign to call] atte to its new 
ties for adding additional charge or H plaster fe 
alloying material during melt with ‘ is meta The f believe 
out loss of vacuum t a quirement 
e CI 4 ict = i with the 
ne te ind t per 
e he formed a re 
p ‘ ‘ p 
rket resear let Primar 
. ‘ rie ré ting 
elopr ‘ ge et Dou 
n De the formati t leveloy 
M 
oming vents 
Feb ielerade Mining Aven Mar Seetety fer Applied Spectroscopy 
ede ipr Sectior Philadelphia, Pa 
Midwest Weiding ( enference Mar i6. AIME. ecticut Local Sectior 
\ eeting Stati Hot Hartford 
Fet 16 Mar American Institete of Chemica 
Engineers, Kentucky Hotel, Louisville, Ky 
feb. 14 Mar 8-Apr |. Western Metal Expesition 
Western Metal Cengress. Pan-Pactiic Aud 
toriu Am bas $ Hote Los Angeles 
‘ 
heb can Conerete toetitete 
Apr Matertel Handling Inmetitute. «pring 
ecting. Drake Hote I 
Mar 
Apr ist AIMEE. Cleveland I sl] Section 
eeting with America eramic S« 
Mer AIME NACA Laboratories, Cleveland Hogs 
Mar 16.1 Pereelain Eoame! tnmetitete Apr 18-16 Third Air Fellutien 
te Sympecstem. Pasedens Ca 
; Apr. 18-20, AIME, Blast Furnace, Coke Oven 
Mar ‘1 Stee! Peaenders Seetety of Amer and law Materia and National Oper 
tea g. Drake Hote Chicag Heart Stee nfere “s. Bellewue-Strat 
ford Hotel, Philadelpt 
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Apr. 19-1, Canadian Inestitete of Mining and 


Metallurgy amnual meeting Royal York 
Hote Toront 

Apr. 78-30, AIME. Pacific Northwest Confer 
ence, Spokane Wast 

May American Institute ef Chemica! 
Engineers Shar Hote yustor 
Texas 


May 2-4. Electrochemical Seciety, Sherat 


Hote at 


May 6 American Assn. of Spectrographers 
‘ 


tere « 


May 14-t2. Chemical Engineering & Equip 
ment Exhibition kfort Mat 


a 
May 18-70. Pereelain Enamel! Institete, mid 
ear d ference, Edgewater Beach H 


May %©-June |. Chemical Inetitete of Canada 
ference Que bec 

Jeune 1-18 Joint Societies. 

European meeting 


Metallergical 
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a e A new vacuum melt 
ng furnace for mode 
juction of high-purity 
experimental and pile 
hl has been developed | 
Machine Co., Philade 
new furnace has a n 
50 lb of tee or 
Chamber of the furna 
a... tal cvlinder 4 ft in dian 
4 


pronase LED in the ultra-modern mill of McLouth Steel 
Corporation, in Detroit, these giant 200-Ton Heroults 
are the largest electric melting furnaces ever built. With 
an inside shell diameter of 246", they have a rated 
charge capacity of 400,000 pounds, and each is designed 
for efficient operation on 25,000 to 33,000 KVA trans 
former capacity. Featuring’a swing-type roof, these fur 
naces are equipped with the finest, most up-to-date 
mechanism and electrical controls available 

McLouth’s adoption of electric furnaces of this size 
sets a precedent. It is a “first” which should conclusively 
prove that, in addition to closer control, higher uni 
formity, better performance, and greater safety, large 


now 


capacity Heroulg.Electric Furnaces are an economically 

sound investment—even for high tonnage steel-making 
We welcome an opportunity to help you select and in 

stall the furnace best suited to vour particular require 

ments 

ASK FOR NEW CATALOGUE (on/ains latest information on 


modern electric furnaces— types, sizes, capacities, rating, 


etc. Write Pittsburgh Off ¢ jor jree copy 


AMERICAN BRIDGE DIVISION, UNITED STATES STEEL CORPORATION 
GENERAL OFFICES, 525 WILLIAM PENN PLACE PITTSBURGH. PA 
Contrecting Offices in Hew York, Philedeiphic, Chicage 
See Fremciece ond other principal «ities 
United Stetes Steel Export Compony, Hew York 


. ELECTRIC — TOPS FOR PRODUCTION OF HIGH GRADE STAINLESS, ALLOY AND RIMMING STEELS — 
MELTING FURNACES —— 
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ear is that the current demand for finished products 


A continue without abatement. Another group, 
ghtly less conservative, feels that the first 
f of 1955 should be better than the similar period 


facet to be considered is the ex- 
ected government aid to railroads which may stim- 
late car buying and other replacements on the 

is Railroads have been spending in relation to 
the steel industry. But no re- 
will 


roe re 


good for 


railroad buying is expected which 


tch recovery in other areas of the economy 
ESPITE all the talk about the coming substitu- 
D-: on for materials used in the tin can, one Amer- 
in Co. representative thinks that it will be 
‘ efore the tin can c ymple tely ret laced 
thing else J. M. Jackson, manager of the 
Can Co Maywood, Ill. laboratory told 
te Subcommittee on Minerals and Metals that 
bstitutes have been found for certain prod- 
put I verall replacement has been de veloped 
é sibly nothing more prosaic than the 
Yet. when the magnitude of the can indus- 
wth taken into account, from only 2 
il n 1900 t 5 billion cans in 1953, its 
A me in economic life mpressive. Some 
; 692 tor f sheet metal were used in 1953 
ntensive research is being directed to- 
‘ f ng ibstitute for tin itself in the manu- 
ire of the containers. Organic coatings (chemical 
t t) and metallic coatings are under study 
Ad ist yntheti ibber. resins, and 
have reduced the amount of tin essential 
M Jackson told the Senate group that projects 
way t educe the amount of soldering include 
t f metal coatings on margin areas of the 
tee! to fac tate soldering with tin-free solder, elec- 
i replacement of metallic solders 
with cements of higher bonding strength and seal- 
9 ot eng 
Work tow i development of new organic coating 
tact aces fron n has been en- 
put equires great leal of researct 
t t nd improve effectiveness. It is hoped 
t eventually tet heets can be protected by 
" ‘ rm without the benefit of chemical 
HEMICAI kel plating appe ffer some 
. the elect ytic method 
i Ame in Locomotive ‘ pokesmen seem t 
i on the future However, there 
eve inar wered que that the 
ture tight now, Alco, unde cens« 
fron renera Americar Transportation Cory 
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owners of the patents on the Kanigen process, has 
installed the largest capacity plant for commercial 
application of chemical nickel plating in industry 
Alcoplate incorporates some significant pre-plating 
and post-plating operations, along with experimen- 
tation, laboratory testing, and quality control 

One of the largely unanswered questions concern- 
ing Alcoplate is its cost vs that of electrolytic I lat- 
ing. Company officials agree that cost is probably 
no more, and quite probably will prove to be less 
for chemical] plating. Right now there is still in- 
sufficient data for a final conclusion 

The product to be plated is immersed, after suit- 
able surface pretreatment, in a 180°F alkali cleanet 
for 10 min. After rinsing in cold water, the piece is 
pickled for 10 min in muriatic acid at room tem- 


perature. A second cold water rinse precedes re- 


immersion in the alkali cleaner. In the actual plat- 


ing process geometry of the piece to be plated is no 


problem. Plating is evenly executed over any area 

despite irregularities of surface or shape. Alco also 
claims that thickness of plating is uniform, and even 
in the thinnest plating thicknesses zero porosity is 
guaranteed. The bond is intermolecular Plated 


steel shows no flaking or spalling even when pulled 
to the yield point Hardness averages about 500 
Vickers or 49 Rc and can be increased by post-plat- 


n heat treatment to 950 Vik kers or 63 Re 


g 

Alco is conducting investigations that are expected 
to disclose the practical limitations of chemical 
nickel plating. The process is being offered fi 
those products where definite test information ha 


shown the soundness of the applicatior 


liscovery in 1844. Until 1916 it remained a 
laboratory and classroom curiosity. The U. S. Bu 


“Trends 


reau of Standards, under the direction of Abner 
Brenner and Grace Riddel, have been performing 
pioneering work since 1916. A patent for such a 
process was issued by the U. S. to Roux during that 
year and many others have followed. General 
American now holds most of the patents 

In recent months Alco has actually used the new 
process to plate more than 200 million sq ft of 
transmission equipment for the Atomic Energy 
Commission. Chemicals for plating are mixed in 8 
ft diam make-up tanks. Solution is transferred 
through plastic pipe to the surge tank of the process 


loop. From the surge tank solution is pumped 
through a pre-heater into the main heater, where 
temperature is raised to 215°F and then introduced 


into the work to be plated. Plating takes place by 
catalytic reduction of nickel by odium hypophos- 
phite at the elevated temperatures, From the prod- 
uct, the spent nickel passes through flash evapora 
tors to the generation tank. Flash evaporators are 


ised to drop solution temperature rapidly and t 


remove accumulated condensate from the matlr 
heater. In the generation tank concentrated solu- 
tions of caustic, nickel sulphate, and sodium hypo 
phosphite are introduced by an automatic propor 
tioning pump t estore the solution to optimum 
concentration. Alcoplate will plate almost any ma- 
terial except glas Thus, glass pipe and glass lin 
ings are used for all parts of the system from the 
preheater to the flash evaporators. Recently, it ha 


been found that with proper preparation, even pla 

tics may be coated with nickel. The chemical com- 
position of Alcoplat 93 pet nickel and 7 pct phos- 
phoru After plating, products are dipped in a 
rinse water solution at room temperature and then 
mmersed in a hot alkaline solution for 10 min, fol- 


lowed by a final rinse 


This is the cell room 
of Electro Metollur 
gical Co's new elec 
trolytic manganese 
plont of Marietta, 
Ohio Plant output is 
expected to be about 
6000 tons «a yeor 
when electrolytic 
units ore 
operation 
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new acet 


Library now consists of 170,787 volumes, 
16.301 maps, and 5,457 searches. One third of the 

ions were gifts, and the Director, Ralph H 
*hely vill weleome offers of books that may be 


i ble additions. Approximately 1400 periodicals 
are rrently being received. Special note in the re- 
t is made of the greatly increased number of 
Japanese technical periodicals now being received, 
ne ‘0 of which are in the field of the Library, all 
her whe n “nglish or with English summaries 


Library hour re now from 10 am to 9 pm ex- 
ept Saturdays, 1 to 6 pm; closed Sundays and the 
(E.H.R.) 


ncipal ? idays 


M EMBERS of AIME are urted by Orville T 
Colby. chief, technology div., Office of Tech- 


pt. of Commerce, Washington 25, 


services, Le 
C to make more use of the growing stock of re- 
¢ h reports released by the Federal Government 
th wh his office. He states that the Government Is 
conducting ponsoring scientific and technical re- 
earch at a rate of $2 billion a year, mostly for mili- 
purposes. By far the largest share represents 
if ed research and developm The research 
enerates a large amount of nonconfidential techni- 


nformation available to those interested in de- 

production processes, in making tech- 

mprovements, and in avoiding duplica- 

Even ideas for new products 
} e been sparked by these reports 

Some }0 such reports are desc ribed each month 

S Government Research Reports, (formerly 

pl f Technical Reports), available from 


the Superintendent of Documents, Government 
Printing Office, Washington 25, D. C., or from any 
ert. of Commerce field offices, for $6 


a F.H.R.) 


w words of advice are in order. To be- 


A NOTHER big season of meetings hes just begun, 


contemplate attending any out-of- 


mn with, if you 

A meeting. you would be wise to make hotel 
eservatior well in advance We cannot overem- 
phasize the importance of early reservations, and 
have only to observe the proceedings in a hotel 
bby the da f a big meeting and see the people 
being turned away to impress this upon yourself 
When an AIME meeting is held, the Institute ar- 
angements with the headquarters hotel require 
that the hotel set aside a certain minimum number 
f oms fe egistrants, and that the hotel give 
reference to reservations specifying the meeting 
It vour individual responsibility to obtain a room 
41] reservations, including those for special lunch- 

eons. are on a first come-first served basis 
Manv AIME members attending a meeting have 
been annoyed by telephone calls from photographers 
whe laim to be official photographers. If any 
ficial photographs are to be scheduled, you will be 
notified by a staff member of the Institute. When 
the Publications Dept. does employ a photographer 


for meeting photographs, no attempt Is made to sell 
the photographs—they become the property of the 
Institute. Quite often a hotel will permit photogra- 
to take overall group photographs of ban- 


te but the individual is under no obligation to 


S. Cohan 


purchase a copy 
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Let your men see and hear The Electrode Story — a 
shop-level informational program aimed at developing 
optimum electrode service for electric steel producers. 

This series of four illustrated talks — developed 
especially for melt shop personnel — gives the men-on- 
the-furnace a better knowledge and understanding of 
electrode handling and joint assembly. 


The Electrode Story was developed to help effect 
important economies in electrode utilization, and 
thus contribute to the advancement of the electric 
steel industry as a whole. It is being made available 
to electric furnace steel producers without charge 
or obligation. This forward-looking program can 
help your company get optimum service from 
electrodes and substantially reduce electrode costs. 


Typical Panels From 
THE ELECTRODE STORY 


Two of the many informative 
panels that dramatize simply 
yet forcefully the importance 
of electrodes in electric steel 
making, and the reasons why 
proper shop practice is so 
important. 


Inquiries about The Electrode Story are most cordially 
invited. Write to... 


ELECTRODE DIVISION 


Carbon Co 


AKE YOUR 
STOP 


rporation 


Bits 


JOIN THIS RAPIDLY GROWING 
GROUP OF ELECTRIC STEEL 
PRODUCERS who have benefited 
from The Electrode Story informa- 
tional program. 


Allegheny Ludlum Steel Corporation 

Copperw eld Steel Company 

Crucible Steel Company of America 

Firth Sterling Ine. 

Fort Pitt Stee) Casting Co. 

Jessop Steel Company 

Mec(Quay-Norris Manufacturing Co, 

National Malleable and Steel 
Castings Company 

Newport Steel Corporation 

Northwestern Steel & Wire Company 

Rotary Electric Steel Company 

St. Louis Stee! Casting Company 

Sterling Steel Casting Co. 


many others 


HERE’S WHAT ELECTRIC STEEL 
PRODUCERS SAY ABOUT 
The Electrode Story 


“.. GLC is setting the pace on education 
within the industry 

brings home to the men the importance of 
proper handling of materials.” 

the improvements were very noticeable.” 

ix proving helpful in reducing consump- 
tien.” 

has shown marked improvements in the 
Melting Department.” 

one of the best things that ever happened 
to educate the men on the furnace.” 

the results of the lectures are noticeahle 
daily in the extra care taken in handling and 
ssembling elec trodes 

» model of the use of vienal aids and of 
onference and discussion techniques.” 

the men are more careful now.” 

proved very beneficial in better handling 
ot electrodes.” 

“Creat Lakes takes the long-range view 
that it ix better to sell an extra carlead of elec 
trodes because a customer hase added another 
furnace, than because he ix getting lewethan 
optimum service out of his existing equip 
ment” from an article in STEEL 
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USS “T-1", A Nickel Alloy Steel, Helps Save Money 


Lips of Nickel Alloy Steel show 
11 times the life of the previous material 
used ... in Clamshell Bucket 


T-1 steel not only replaced a more expensive ma- 
terial here, but also outlasted it by 11 to 1. In this 
application, T-1 is still on the job after 11 months, 
handling open hearth sinter, whereas a wear resisting 


steel cracked and failed in 30 days under abrasion, 


impact and operating termperatures of 500 to 600°F. 


4 to | Better Service 
than carbon-manganese steel . . . in 
Skip Car Bottoms, Sides and Bail Plates 


On skip cars handling coke, ore and limestone, T-1 
steel bottoms, sides and bail plates are saving money. 
So far they have outlasted carbon-manganese steel 
4 to 1. This four-fold longer life means more use per 
lollar for T-1 steel even though its initial cost is about 


twice that of the steel it replaced. 


Unmatched Performance 
under heat and wear... 
in Blooming Mill Conveyor Chain 


Here's a 40 bl ng mul nvevor chain for 
lifting hot slabs at | S. Stee Ohio Works. Various 
materials used for ain f i under the severest 
impact nditions imaginable, caused by falling or 


1 hot slabs. Notice the good appearance of the 


jamme 
preset hain made fron T steel Th roduct has 
far outlasted all previously used materials. 


These applications in U. S. Steel's Ohio Works show 


how T-1 steel can reduce your maintenance, operating AN 
and repair expenses under like conditions. Write for NCO 

lete det l — — 
complete detauis 


THE INTERNATIONAL NICKEL COMPANY, INC. new'vore's, 
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A lump-sum contract to design, build, and test operate a prototype 
ackage nuclear power plant for military use has been awarded to 
Ere American Locomotive Co. The project is designed to develop a 
power reactor plant with components transportable by air, which 
can be used at remove bases. The Atomic Mmergy Commission will 


share the contract price of $2,096,753 with the Dept. of the Army. 
The prototype will have a capacity of about 2000 kw. 


It has been estimated that aluminum production for 1954 reached 
2.9 million 1b. Production stayed at record levels for most 


of the year. 


The Air Force is planning to build a $5.75 million atomic research 
laboratory in Middletown, Conn. The project may eventually 
employ about 2500 people and will operate in connection with 
the Pratt & Whitney Div. of United Aircraft Corp. The original 
price tag covers land acquisition and laborato construction. 
Recent estimates predict an additional cost of $4.25 million. 


Wisconsin Centrifugal Foundry, Inc., has uncovered what is said to 
be the first successful method for the centrifugal casting of — 
titanium. Casting must be conducted in a vacuum or inert at- 
mosphere to prevent oxidation and other chemical action. Armour 
Research Foundation participated in the development. 


Climax Molybdenum raised the price of molybdic oxide about 10 pct 
and other refined products proportionately. Molybdic oxide 
now costs $1.25 per lb of contained molybdenum. The last 
price change was made in December 1950. 


Silicate coating, similar to porcelain enamel, which fuses to metal 
at temperatures from 900° to 1200°F has been produced by Poor & 


Co. and Youngstown Sheet & Tube Co. Coating is applied like 
paint, water is evaporated and the object fired in a furnace. 
Basic ingredient is sand from northern Michigan. 


A_new pump that works on an electromagnetic principle can move 
liguids within cooling or heating systems, according to 
Callery Chemical Co., Callery, Pa. An electric current is 
passed through the metal in a direction perpendicular to a 
magnetic field surrounding the metal, producing a force that 
sets the metal in motion within the pumping section. The 
pump can also be used to force liquid into die casting forms. 


It has been reported that India rejected a bid by British investors 
to build a million ton steel plant in association with Indian 
businessmen. However, it is reported that the project may be 
approved if the British interests agree to give the Indian 
Government the controlling share of the company. India is also 
said to be talking over the possibility of a half million and a 
million ton steel plant with the USSR. 
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ELECTROLYTIC MANGANESE 


99.9% PURE 


Now available from ELECTROMET in tonnage 
quantities. For all uses where a_ high purity 


manganese is required, including: 
. Low-Carbon Stainless Steels 
. High-Temperature Alloys 
. Non-Ferrous Alloys 


. Klectrical Resistance Alloys 


Ele Ww rox Additional information about electrolytic man 
t s new Mar ganese and other Exrectromet ferro-alloys and 
t. E.ectromet’s new manufa metals will be gladly furnished on request. The 
ELecTROMET office in your area will be pleased 

iganese 


inswer your inquiry 


arbide and irbon Cor 


ELECTRO METALLURGICAL COMPANY 


eet New York 17. N.Y 


wate 


Ferro-Alloys and Metals 


16—JOURNAL OF METALS. JANUARY 1955 


> 
, 
> 
ad 
> 
x 


Hydro-are control was installed on an 8MT furnace which hos an 8-ft shell diam. Graphite electrodes are 8-in. diam and are 
energized by an 1800-kvo transformer 


Hydro-Arc Control Reduces Costs 


In Electric Furnace Operation 


by Joseph Seymour 


[ , ‘ tior The r va ed The t | et n the transf me ised are en 
nex with tne iro-a t ic prac e f nace Table ! 
wr eq t nar facture Hadfield nar ese The ree ilf ‘ ur te 
teel tng t ed lifferer ene ed a i 
The new ¢ was installed ir it ne ‘ ‘ ‘ ‘ ie lo not 
t hanged t tne eve The ‘ ite ‘ hire (one 
x1 ite ne te if anyt! g wer i ant et ‘ 
‘ evere ‘ ct witl the tre The ‘ ‘ 
e ‘ t fe st i iy ‘ hye ‘ 1 
the ipl ele 
‘ ment ea tr the W ‘ © ern ‘ 
ev the I electrode 
J. SEYMOUR is Chief Metallurgist, Kensington Stee! Co, Kensing hored th hy the j ‘ 
ton, Ill This poper wos presented ot the AIME Electric Furnace not ar equate | of met formed unde 
Stee! Conterence, Pittsburgh, Dec. | to 3, 1954 when they reached the bottom. Also. when the heat 
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A NEW hydro-are control’ was installed by Ken- egulator. An 1800 kva furnace transforms ised 


along with the reduction of the reactance, has helped 
the transformer operating at a lower tem- 
Actually it was found that the trans- 


to Keer 


pe ire 
former temperature runs approximately 10 to 15 
leg cooler with the new cont: 


Refractory cost was also reduced by about 10 to 


This, it is believed, was due to the rapid re- 


and speed of the electrodes 
yither saving has been in kilowatt hour con- 
on. Consumption has been reduced by about 
pet. The old control averaged between 520 
kwh per ton to 530 kwh per ton, and with the new 
control the average is between 485 kwh per ton to 
495 kwh per ton. Electrode consumption has re- 


mained about the same with Doth cor approxi- 


lb per ton. This is very good and would be 
lard to improve upon 

Facilities in the plant limit the ability to take f 
ntage of the speed available with this control 


11 
All 


acva if 

However, there have been occas only one 
furnace was cperating for a full day. Using the fur- 
nace with the new control during these times melit- 
ng time was reduced fr mitap totapt about 15 pet 


and averaged 459 kwh per ton 
f the tap changing 


Ur nother occasion a taliure of t 
mechanism made it impossible to get off the first 
tap. Tr was no fault of the new control fur- 
nace continued to operate on first tap for the balance 


f the heat by cutting back the rheostats as the heat 


r gre ed. The heat was tay regular 
ing a iL any 
respect to original board mokes it possible to change trom 
il Case In Killowa Ours wit! no 
ne at to the other in approximotely | min 
noticeable damage to the roof or 
é me New and Old Maintenance 
ths i ea elted 
: Experience in the past with the old furnace con- 
if Va 
em the heat of ed that equired approximately 2 to 
r eve veek t clean and check the contact 
er 
‘ na other movable part 
aKING ‘ 
Art t it seven montns { fairly teady use of 
‘ the ew trol none of the ment been 
eane wit the exception of mt tf the per- 
4 at anel. This was done t ee tI i ne the 
eq ent Ww 1 Operate before it fallied and ther 
t letert e what caused the f ire. This not 
é ended egular practice although in al 
that time ’ two fuse were eplaced These blew 
“ hort ifter the equipment was installed. Slight 
ne ‘ Tuse were ised and n further liff ities 
i 
have bes er ntered 
. The only other j blem winch developed, and thi 
P wa lue ft tempora et--uy tne testing 
equ ment va that ome f the hydra onnec- 
: . 2 : tior eading om one f the pum; failed and 
aved ir the ur ‘ The fa 
7 f tr nnection was peleved, ca ea 
‘ i 
bration of the platform on which the equipment 
A talled. Because of the crowded conditior r 
the transforme wm the new cont was installed 
tee] platforn tandir nm leg } 
piatfior ling g! 
‘ ‘ 
net 6 igid braced. At tl time the equip- 
ment eing relocated in a cabinet n nted ily 
nst the wal itside the trar mer ind 
Table |. Tap Setting on Furnace Transformer WA at foo eve This should « ite any Vv a- 
tior nd also improve the efficiency of the equipment 
r edu g the head of oil to the pumps ar | engtns 
Tap vom amp pipe needed 
Reference 
214 La 
2 “ 627 Charles W. Voka New Deve] pment in Electri 
‘ o _ Fu e Design and Operatior Pr Flectr Furnace 
Steel Conference, AIME (1953) 11, p. 174 
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History of Iron Ore Sintering 


Recalls Variety of Experimentation 


Numerous methods were invented to solve the problem of agglom- 
eration of flue dust and other kinds of ore fines. Methods tried on a 
large scale were: sintering, briquetting, blocking, and nodulizing 
The sintering process introduced in 1900 has developed into the 
most efficient and economical of these processes. 


by Michael O. Holowaty 


IRST mention of a steelmaking process that in- 


cluded a step of ore agglomeration is to be found 
in a description of the ancient Catalan or Corsican 
furnaces. In these processes carbon fuel was in- 
timately mixed with ore, heated, and charged into a 


shaft furnace. The first stage of the reduction was 


erized by fusion of ore particies toget 


The following centuries of metal making show 
ttle change n iron ore handling and treating 
method Even the introduction of reverberatory 


furnaces in the copper and lead smelting industries 


and the gradual development of modern high capac- 
ity, iron producing blast furnaces did nothing to im- 
prove the situation created by the mounting piles of 
ore fines and flue dust 

leading to the final solution of the 


The first stey 
i 


problem were made in England and Germany about 


the middle of the nineteenth century. English cop- 
pe foundries used a battery of small sintering 
blast roasting) pots to agglomerate copper sulphide 
rine ihe performance of the battery was appar- 


ently satisfactory since the battery was in contin- 


sous use for over 25 years.’ German lead smelters at 
Freidberg in Saxony were well acquainted with 
blast 1 ting of ores as sintering was called wu 
those days.” They operated two small horizontal up- 
iraft sintering pots for lead sulphide fines 


James W. Neill, an American mining enginee! 


redited with the first recorded commercial sinter- 
ng operation of iron ore.’ After ten years of experi- 
menting, Neill built two regular sintering pots in 
1892 at Bingham Canyon, Colo. The pots were con- 
tructed of cast iron plates and measured 6x4.ft. In 
the course of this process Neill sintered several 
hundred tons of 1 in. pyrite ore and pyrite iro 
ncentrates from the old Jordan Mining Co. Neill 
cess was abandoned about 1902 or 1903 and sub- 
tituted with newer, more efficient sintering method 
The commercial sintering processes were first de- 
eloped and accepted for the sintering of copper 
ilphides because the profit margin was more favor- 
able in this metal industry than in any other at that 
time. Gradual] nowever, sintering was accepte d by 
the lead, zinc, and’ finally the iron industry 


M. O. HOLOWATY is Research Metoallurgist, Research and De 
velopment Dept, indienne Herbor Works, Inland Stee! Co. East 
Chicago, Ind 


Modern sintering industry was developed and 
practically applied by the nonferrous industry. Sir 
interrelated and hav: 


tering processes aré¢ closely 


frequently used identical equipment for agglomera 


tion of ferrous as well as nonferrous materials. Com 


mercial sintering processes fall generally into one of 
the two basic classes of sintering methods: A i] 
draft sintering, and B—downdraft sintering 
Updraft Sintering 

The Huntington-Heberlein pot sintering proce 
was introduced to the U.S 1905 by the American 
! & Refining patent 

for the U. S.“ The prima of th 

wa to iggiomerate le fine 

ch could not be ised d ctl n the blast fu 
The pots ised in the proce vere nace | 
cast iron and equipped with a statior grate, The 
pots were square, 9x11 ft long and 15 in. to 36 u 
deep. The joints between the cast walls of the pot 
and between the grate na the pot wer i t nt 
with asbestos cord. | illy one 5 o1 in. air pipe 
was attached to a hopper welded to the MA | t 
of eactl pot The ipacitie the ntering 
ranged from 10 to 25 tons per day depending on the 
e of the I t ar 1 the characte | { the ore The 

nte g pil tne ead ind isually en 
ployed batter f Huntir Hebe pots con- 
isting of 14 ts arranged re ne. Sintering of 
galena fine ywwered the phur content f the 

product by about 50 pet Jecause the high iipn 
content of the material no other fuel was required 
n the sintering operation. The Huntington-Heber 
nas been al ipplied to the agglomera 
tion of blast furnace flue dust. The resulting material] 
was of more or less cellular structure. The irface 

of the material was glazed | the licates and co 
sequently undesirable for use in the blast furnace 

The Savelsberg process was originated in Swede 
Its application in the U. S. was limited to sintering 
lead sulphide concentrate and in a modified form 


to the agglomeration of copper bearing fine 
A typical Savelsberg llation was wsed at St 
Joseph Lead Co. at F ver, Mo. for desulphuriz- 


ing and agglomerating galena concentrates. The in- 
tallation consisted of 18 pots placed in two row 
The pots were 8.5 ft diam and 4.5 ft deep. The aver- 
age daily production of each pot was about 20 tor 


The mixing of the charge was done mechanically, 
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with updraft pots was accompanied Dy 


several disadvantages. The main ones were 
A—The ore was exposed for a long time to thr 
influence of hot gases which resulted in an unever 
tering of the product 
B rhe p equired constant attention in charg- 
} wing na discnarging 
Handling of fines and updraft flowing t! igt 
the bottom caused ve ses OF material 
ine proce Wa ntermittent 
EF lhe cost f operation and maintenance was 
exceeding nign 
Downdraft Sintering 
The disadvantages of pot sintering seem to have 
ee! ercome by the continuou CESS 
troduced Dwight-l iin the ea 1900 
Thi ntering process W tne itcome eries 
f experiments « ed out by Dwight and I i ir 
he plant of the Cananea Consolidated Coppe ( 
The f t ce ptior f the proce is contained li 
article put hed | Dwight in 1908. Ac ling 
H the first nsta if nte ng ma 
nine operating on the principie f Dwight and 
| i were made before 1908. T these belong the 
hinge f the Cer le ra Mining 
re nd one used Dy e n sSmelt- 
& Re ng Uo. at Maurer, N J Both r ne 
- vere installed 1907 for treatment of sulphide ore 
Fig Early drum ype Dwight Lioyd sintering machine 
horizontal cylinder 1) 4 im. in diam and is first evolved was not satisfact 
tne experimentation resuited in ar 
ni a patent ; June 17, 1911, but tm 
‘ inti Jar 19) 
‘ 1 n the ‘ how that three types 
t edge f Dwignt-i i macnine were In operation in the 
‘ lage commerciai intering rhe are i 
‘ . f A 4 The drum machine, B The | zonta 
f machine, and C—The straight line machine 
’ ine adrum ! chime hown in Fig l cor ted of a 
nta ll ft lla and It wide 
‘ ide up ofa} cular piece f iror arrying 
f 30 The drur tructure rested on tw pa of 
t | I tlor pit ne f which wa | en t in elec- 
‘ t Ir le the dru wa tational! ictior 
j ‘ } box if t top quadrant of the cle. The 
‘ e fed me ipon, the 1 ng grate A 
‘ tea DY &£ ind then wt ied ‘ 
: he tion box. The ntered | juct w lis- 
t ed m the grate rface by the point 
i ‘ ned £ 
‘ ft Iw r nies are KI vn to iseda type 
tt ‘ ; f nte ichine. The American Smelting & 
‘ Re g \ f Maure N J and the Baltin t 
f ‘ er Smelting & Rolling ¢ f Baltimore 
he ? tal tra chine esembled a hori- 
\ t tating picking tabie in which the g 
ts haped aceda me ng grate 
The te liameter wa 15 ft the nine diamete 
‘ va ft ¢ ng a tot il grate are f 126 The 
‘ ‘ ving ea W at it OV ft. The table 
Unfa 
ed 4 Table | Structural Dimensions of Dwight-Lloyd Machines, 19)! 
na ef ‘ The eng 27 4! 
Weis ots 2 
442x264 
e the pt rt 
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Fig. 2—Diagram of 
conventional Dwight 
Lioyd sintering mo 
chine with Type E 
conveyor shows com 
ponent parts 


~ 


j 

Few! rege sting 
tet 4 


i 


+ 


about one revolution in 45 min. There was a station- 
yper and an ignition stand. The 


was removed by means of a scraper. The machine 


ary feed hoy sinte! 


had a capacity of approximately 30 tons a day and 


was considered quite satisfactory for treating lead 
and coppe ilphide ore This type was in use 
it the copper sulphide plant of the American Smelt- 
ing & Refining Co. at Garfield, Utah, and at the 
plant of the Cerro de Pasco Mining Co. in Peru 
Experimental runs on sintering iron ores were not 
successful, primarily because of the small capacity 
of the machine. The small capacity, difficulties in 
maintenance, and high cost of operation caused the 
ndustry to abandon the drum machine and the 
horizontal tray machine in favor of the strand ma- 
chine. The straight ne machine became widely 
known as the Dwight-Lloyd sintering machine 
The prototype of the present sintering machine 
Vas KI . £ as the Type E or the conveyor 
type machine. A machine of this type is shown in 
Fig. 2. It consisted of a frame of structural steel 
ipporting a feeding hopper, an ignition furnace, a 
iction box and a pair of endless track circuits to 
accommodate a train of sections called pallets. The 
illets thus formed an endless conveyor. Any ele- 
nt of this convey could be easily removed and 
aired or substituted with a new one without 
topping the machine. The speed of the horizontal 
travel of the pallet conveyor was adjustable to meet 
varying requirements, with the usual range of 7 t 
30 in. of per min. The charge wa 
placed on the strand in a thin layer, 4 to 6 in. thick 
through a imple funnel-shaped hopper located 
lirectly over the pallets. The front edge of the hop- 
per r to form a uniform layer of the 


stream of ore emerging fron 


the inder an ignition stand, where 
fue! the surface layer of the charge 
The started was carried downward 
through the mass by air, as the material passed 


over the suction box. The agglomeration was ac- 
complished in a narrow high temperature zone 


ached the bottom of the bed just prior to 


sinter discharge 

Gayley reported in 1911 that Dwight-Lloyd ma- 
chine in two standard sizes, the so 
calle init and the 100 ton per day 
init structural dimer : f the 
two is that the first machine for 


sintering blast furnace flue dust was put into opera- 
tion in September 1911 at the E. & G. Brook Iror 


in 1911 
accepted contention At an 


A statement made by Gayley 


meetin held in 1911 at Wilkes-Barre Pa., Gayle 
tated In one plant which was in steady ope tior 
for two yea the average cost of pplies and re- 
I sw from two to four cents per ton. A number! 
of iron bearing materia {f different kinds were 
treated on th machine ar each case with itl 
factory res 

This would put the date of the start of iron ore 
ntering at omew here etween 1907 and 1909 
with at ieast one n nine | tively operatir in 
1909. Gayle lid t ‘ he location of the nter- 
ng plant and m the reference pertaining to tr 
nstallation could be found in the literature 

The Bird int was put int peration or 
Oct. 1, 1911 ul Gavley gave a detailed de- 
scription of isbo plant only a few month 
ifter it was put int ypperation. Initially, the plant 
had one 100-tor intering nit u peration, which 
processed the biast f nace flue lust ¢ lected in 
arge pile in the blast furnace ard. Sintering of 
t t furnace flue just Ww the main task of the 
newly constructed gt int a re tine were 
not used in the f t stage of commercia inte ng 
Klugh and ansociale noweve! aw ng 
f flue dust r e thar ! 1 useful way to dispose 
if the ¢£ wir pile f the heretofore usele blast 
furnace flue dust 

Other steel producers quickly sensed the advan- 
tages of sintering and as the result ntering plant 
were built all over the country. Fig. 3 shows the 


growth of the number of sinter plant installations in 
the U.S. since 1911 


The Dwight-Lloyd proces maintained and ever 


trengthened its ; ition by providing advantages of 
operation economy not offered by any other of 


the previously mentioned processe 


Batch Sintering Processe 
The batch or 


were developed almost simultaneously with the con- 


intern en intering 


uous proce of Dwight-Lloyd. The first batch 


process was introduced by Greenawalt a few month 
before the Dwight-Lloyd proce became known 
The following years brought numerous processes of 
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tre tion 1s applied on the bottom ind tn 

wet ont 1 material begins to sinter 
It resting to note that the air suction in 
Greenawalt installations frequently reaches 50 in 


hines it seldom ex- 


W.G., while on continuous mac i ] 
s} ceeds 24 in. This may be attributed to the air leak- 
age which is very rious in ious svstems 
and almost negligibie in inter installations 
ich as ( walt.” 
After ig has been « is 
” ‘ 
moved DY ar vernead crane n- 
LO 
inter pil 
await ty pe ants has 
last 5U years AS 
sitions of this tvpe 
‘ ‘ 
. ime in the U.S 
Only one of engaged in production of r 
nte idea of batch type sintering 
* nas many ipporters in foreign countries, par- 
3 
“ ticularly in England and Sweden 
The principle of Krom’s sintering machine was 
? eption that the pans used in the Arom process were 
. f i lesign about 6 ft diam. Sintering was 
my ned nai combustion of carbor n- 
t ed in the inte mix and by the a icKed 
ur ign the bed sinter ixe wa en eda Dy 
the pan. The only knowr nter plant using Kror 
p! was cated at Helen Be Vilne near birt 
r The plant juced nter from Clir 
7 
té it A KT wi ry ope it 
i¥i6 Dut I further reference t the proces r the 
piant ild be found in the literature available 
Although the idea of producing iron te r 
am — . cular pans incorporated u intering sys- 
lust Wa rev eda re 
; Rog ptonce of sintering process by steel! pr ndust nm the ite twentie It wa eported tnat 
$s shown by the growth of irom ore sinter piont t le t one plant empioyed a proce milar to that 
tion the ance 1911 P at 
. Kron The proce became known as the AIB 
i rhe lata rf piant pe iting inae a 
Swe AIB ense and constructed t it 1927 at 
;reer ‘ ed 
tne W n Britain were published nd 
rrie nf rY on on the AIB 
te nt af ardiff em, ved 12 unit 
i i 
. par were placed in tw row { x ins each. Eact 
pan Ww 84, ft diam, 13 in. deep and contained fron 
] to 1.75 tor f nter The pans were made of 
‘ ‘ ue fou rcular, ribbed steel castings machined and 
ted togethe Across the hottor f the pan were 
ted space Dar ipporteda the grate The 
‘ te f the par ind the gniting f the feed 
Ma my hed eparate ca lly n- 
ea tf nese purpose 
, . \ tion was | vided bv electric far One 
np mot wa irive tw m- 
partmer The exhaust ed ti gh 
ted 1 far i dust lecting chamber, in which a large portior 
just wa eliminated F m here the gase 
er ‘ : were exhausted th igh a stack into the atmospnere 
Sinte no time inged f ner hatct 
lepending tne mate isea na a olume 
) ible er sir terir wa mr ete the nar 
va nveved DY ar verhead ane a geal! 
‘ her whict empt ed the pan int pper The 1iff 
‘ ‘ the te : lant was in ntinuous operation for several year 
, f track ed epare ! pite f it w production rate which averaged 
‘ exe ‘ ed 2 per da 
ng ‘ \fter the i ‘ : The Holmberg sintering process is the dominating 
ted ‘ er the ft Swedish iron ore agglomerating in- 
e bed flarne At nt tr Te nterecting note that the 
Gu is interesting ote that the average 
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burden on Swedish blast furnaces contains about 
80 pct sinter. This high percentage might seem sur- 
prising in view of Sweden's excellent supply of high 


grade iron ore. The explanation, however, can be 
found in government regulations which specify that 


only iron ores containing less than 38 pct iron can be 
All higher grade 
ores are being exported the Swedish 
iron industry must rely on iron ore concentrates and 


used for domestic steel production 


Consequently 


on sintering to obtain a satisfactory furnace charge 

The Holmberg sinterir 
| with the Greenawa 
modifications and improvements 
necessitated by local conditions. There are six plants 
at present in Sweden operating with the Holmberg 
system. Their daily production ranges from 100 to 
485 tons of sinter 

A typical Swedish Holmberg plant is equipped 
with seven sintering pans 11 ft 6 in. long x 11 ft and 
6 in. wide, and having a total depth from top of the 


ig process is basically iden- 
It process, except for a few 


which were 


top of pans of 12 in. Pan grates are made 
carbon chrome-vanadium steel. The pans 


grates to 
of low 
their charge from three raw material bins in 
Bedding material (approx 
(approx in.), and C 
(approx % in.). The 


onto a 


lowing order: A 
2 in.), B—Sinter mix 
Charcoal or coke 


charged sintering pan is placed by a crane 


~ 


braize 


suction stool which is connected to an air fan *lac- 
ing I pa n the stool opens a itomatically the 


main air valve which starts the air flow through the 
ignition car is brought over 


the pan and the charge ignited. Sinterin 


range from 1 to 1% hr per pan. When the operation 
nas en ied the pan is pk ked ip DY an overne id 


id in which the 


crane and delivers pler st: 


pans are emptied into railroad cars. The pan 


brought to the filling stand, and the whole pro- 
cedure is repeated 

It is apparent that Swedish industry has its sinter 
tailor-made in an intermittent type of operation 
which cannot be accomplished in a continuous type 
machine of Dwight-Lloyd. The sinter which is pro- 
juced frorr ly sized ore concentrates is, accord- 
ing to the available reports, highly oxidized. The 
main disadvantage of the Holmberg system seem 
to be in the intermittancy of the process, which 
means time due to changing, igniting and dis- 
charging of pans. Also the costs of labor in the 
Holmberg process are comparatively high. Its ad 
antages lie in the quality of the finished product 
vhict nsists mainly of hematite 

It can be seen from the desc tion of the most 
mportant batch type process that they ire 
lentical in their basic principle ind vel mila 
n the desig f the plant equipment. Numerou 
nvent leveloped var is batcl ntering 
esses merely t naking insignificant changes in the 
existing Greenawalt equipment. The literature does 
not reveal the names of all inventors of the batcl 
type processes. Only a few of these names have 


xeen preserved. To these belong the names o 
srasselli, and Brown. No details on their respective 
processes could be found in the | 

processes seem to be completely forgotten 


West Sintering System 


Development of West's. stationary intering 

process was first reported by its inventor in 1912 
The process was quite different from ail other sin- 


tering processes in that the 


was brought to fusion by the direct heat generated 
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Table II. Analyses of Flue Dust and Sinter of West Sintering Process 


Item Five Dust Sinter 
8.77 9 60 

© 47.1 64.20 
P 0.032 0.049 
Mr 0.38 6 
CaO 216 05 
MgO 1.7 
c 10.20 OM 
0.05 0.12 
H,O 12.75 


by two burners inserted in one wall of the sintering 

chamber, and not by the heat of combustion of fuel 

contained in the sinter feed itself. West's system 

consisted of a furnace with a movable bottom on 

which a block of fused material was being built up 

as fast as the action of the heat supplied by the 


burners agglomerated the particles together. Flue 
dust was fed into the sintering furnace from a 
hopper and then was spread mechanically to a thu 


layer. West reported that the product of his sin 
tering furnace was far superior to product f al 
other processes used at that time. An analysis of 
flue dust and sinter is given in Table II]. The defi 
‘ies of the West process are as follows A 
cost of fuel for burners, B—Waste of carbor 
ned in the flue dust, ( Extremely | h def 
of oxygen resulting in a highly educed 
laggy } juct, D Presence f carbon in ntere 
duct i E—Increas¢ phur in sinte 
It seen only logical that West's proce cou 
not compete with othe much more efficent 
econo cal proce es i he r nstallat n of tl 
kind was dismantled ead n 191 ind nce 
then has become almost < pletely forgotter 
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Reusable Hot Tops Proven 
Successful in Ingot Pouring Practice 


by Joel C. Carpenter 


| tlermpt was face of the each use. This 
j veneer is i is thoroughly 
t : t Stet iried bef nolithic surface 
‘ iuct whict ‘ steel Re- 
f ft tot ! placement k lining should 
; the pipe t nmiy be necessary at infrequent intervals if the pro- 
' ed tective veneer is properly applied and dried 
r Dstar | UWuring the past several years, tests of insulated 
i iow voiume C&D hot tops, conducted at a number yf 
th teei plants making both electric furnace and 
t nic? iid th stee have shown an incre in prime 
ict yield, when compared with that tained witt 
' iVail- egular hot top practice These tests were cor ted 
I prod ictior ngot moids at each plant 
j t ved in the testing progran Mold cavity con- 
r fig ided square rectanguila! ind duo- 
the st - ecagonal cr¢ ections, with various contours and 
‘ ind 1ifte ent ral ne 
é e of thes« Comparisons were made by substituting insulated 
w volume C&D hot tops for regular hot tops at 
the t pe im the ira id ome- 
ibst vt 
he tt ry 
ma 
Reusable Hot Top ree 
Fy 
; pted meta irgical testing practice 
Ar 1ditiona my tant feature f the insulated 
, .- 4 that it w not float off of the ingot mold during 
afte pourir Furthermor th easily 
err ved fron ths nkhead bef € the < 
’ , ned and the nkhead has a chance to coo if- 
: tlw t be hard enough to be gripped t tripp< 
nu lent t ‘ ‘ 
ts without psing. In actual practi 
ii ilt been expe er handlir t« 
wit +) hot +} bh thy nkheads 
‘ or maltle than those made 
J. C. CARPENTER is o Metollurgical Engineer, Ferro Engineering Reference 
7 
paper presented at the Muelk Progre Report on Hot Top Re 
AIME Electr Furnace Stee! Conference, Pittsburgh, Dec 1 to 3 r 
f P Open Hearth Conference, AIME 
195 
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Degassing unit shown 
ot Edwords & 
Co. Ltd, London, is 
pumped by ao 1883 
booster pump in con 
junction with a 3000 
liter per min gas bo! 
lasted rotary pump 


Progress in European 


Vacuum Melting Described 


by H. H. Scholefield 


| opie YPMENT and progress of vacuum melting beryllium bearing allovs were melted under reduced 


on a commercial scale up to World War I pressure and, apart from the low loss of berylliun 
largely the result of Heraeus Vacuumschmelze A. G enabled more consistent characteristic te be 
activitie which commenced in the ear! 1920 achieved than were then obtainable wit 
rhis is all the more surprising when it emer! air melting practice. A group of the heat re 
vered that ction heating f eltur i d particu the nicke hromium all if 
been ¢ ed t a Stage when it iid be ¢ t the 60/2U, 6 and 0/20 type vere produced 
na ‘ 4 ale unt the late 120 here “ the mpetitive market 
the j lieve peda Heraeus Va j t wa in mic pe nau pecialized 

AG lite iarge i} ity HOU ‘ Di it iwins fine gage 
’ tance heated. Furthermore ttle was kr the de f 0.901 ‘ There was also the 
at it vacuu enginet nda i idea mMpica rf are eartl 

Sort magnet based or nicke 

pumy were avaliable A lth ig? os 

i! or ict i Mumeta ind Traf per 
yue heatir eat t pe 
eited unde iced re iré gave gnificant 
ove ent r etic De ance va tu 
‘ né as be mt ; ex ‘ elted all f the nie slves and fo 

\ prener specia were ‘ Cu ‘ an the act 
juced. A seri¢ beryllium copper all pa iiff iitie associated with outga ng of valve ina 
larly the 1 pet and 2 pct beryllium, but to a less« hermetically sealed ntainer 
extent the more complex copper and nickel base Before the World War HI], Heraeu Vacuu 

chmelze A. G. and the Tel truct 

H. H. SCHOLEFIELD is Technical Manager, Metals Div, The Maintenance Co. Ltd. we emy , P 
Telegraph Construction & Maintenonce Co Ltd, London, England vacuum melting techr es in which the heat . 
This is on obstroct of o paper presented ot the AIME Electric Fur 

noce Stee! Conference, Pittsburgh, Dec. |! to 3, 1954 . P 
i hie irnace chamber were evacuated with hig? 
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, - the additional volume of air these pumps run hotter 
thar rse, an ad- 
vant the vapor is 
orre volume of 
vape the pump- 
ng this must be 
comy air flow be- 
fore the mixture attains atmospheric pressure and is 
discharged out of the pump. The vapor, therefore, is 
pressed in the ratio of the pumping speed to the 
air ballast flow and to avoid condensation the pres- 
< sure at inlet multiplied by this mpression ratio 
a must not exceed the sat ion pressure of the vapor 
Fig. |—Chorecteristics of some typical rotary pumps ore f the pum; In 
shown with and without gas bollest. Geraetebou-Anstalt ted to give some 
Balzers and E. Leybold’s Nochfolger supplied the dota for required 
the graph I satisfactoril) 
ve I r attack 
pe pe tigated to 
ind running it 
Une in ited ydro- 
ine ittack ¢ 
+t. As there 
Pumping Equipment pressure 
ne equi] f the tem gas ballasting obviously affects the 
. iff ent w t permit « ficient ‘ it fa 
' _ chieved if required by using a tv tage pump ir 
r ni nece al to tr igt 
ta ‘ thse ‘ the Hine tag 
iff t to cause ndensation. Fig hows typica 
acte t ota nechanica imps 
th and wit) ballast 
D pu © ent the pump- 
im melting. He again the ple f 
r t f the pu have not altered. O 
if ed t A th igt et ntir vay 
‘ the niet ¢ the imr Thess it freames 
‘ ‘ ike wh h have iiffu the 
‘ be ed awa é i and exhausted 
he te) the le iy imp while the themselves condense 
nthe wate wi the mp ana in back 
on the Attent lesion } esulted ir 
ane Fig. 2—Choracteristics of some typical diffusion and 
nu booster pumps ore shown. Dota for the graph supplied by 


W. Edwords & Co Ltd. London, ond Geroetebuw-Anstolt 
Because of U ‘ Balzers 
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improved performance. For example with pumps of 
this type the possibility of oil vapor molecules 
migrating back into the high vacuum system due to 
collision with the gas molecules is bound to occur / 
and attention to jet design’ and the use of water 
led baffles has reduced minir I 
‘ntion is also being dir the layout of the 
jets and very high pumping speeds are being 
achieved by building concentric annular jets around 
the nventional three or four stage pump. An ex- 
tended range of Us 18S now avaliabie [for vVvapo! 
pu _ ticular the silicone oils which, because 
f high esistance to decomposition and xidation = 
enable the pumping system to be exposed to the at- < 
mosphere while still hot with little or r ieleterious =- 
effect <== 
B ncorporating an oil eject the ejector stage Ss 
f a diffu n pump, the oil ejector being fed fro a 
the b er of the d ffusi in p the ng 
peeds of the diffusion pump have been made avail- ~——_ 
} +) no if ry)? mer 
adit ine pressure ang oO er- 
cu Int luction of these pumy ¢ ter 
pumps, therefore closes the gap between the t 
and the diffusion pump and enable high 
pumping speed t t btained econo! ally 
t ig? it the entire pre ire Fig 2 
tvpica haracterist f some diffu n and t ster 
imt{ B Dp ire I Vita m- 
t ince I Va if I t n A great of 
these pumy the at ty t VNOTK against ela 
ve pre ing Fig. 3—Typical leyout of modern high-vacuum high 
perate them with a ngie tage ga t lasted frequency melting furnace shows design features. Diagram 
ta pump of mode te size and f example in furnished by Geroetebou Anstalt Bolzers 
the mit mercury a@ DackK 
+) ‘ mn fy 
nercury iV | pir eed and facilitate clean 
‘ na the egior max) ignhput the f the harn be th and treat 
me iry are adequate. TI mbdinatior pum; be neoprere betwee 
there! 1@ai j meitir equirement tu ed ‘ rye Deir 
where wat val nd othe the ist be ‘ tn at ovce 
pumped as a result of out-gassir f re act es et f the gasket. Ar and « ble. de 
and reactior f the melt ‘ sdditior ther? iple ind 
I na ryt yf ‘ 
ent in et if t A ven the fac it ited in |} 4 iit et 
t £ ve ne elect pu hoppe inted eit) above the icible 
1 pumys pe te ent with hute to the rucible ed f 
the pre ire at the exit ‘ tr tr ¥ te the ha ‘ ed 
Ane a A ‘ ‘ the meitir ‘ It ipac he 
t ga it ich nat cK a i ( of ne th f the ha ‘ The } De tated } 
the ert mance f the pumr mpaired ti owte ile ‘ 
‘ The e of the tary pu ‘ ed f 
pu Acknowledgments 
The } t not 
A iif A ait 
The aut? A re r jt i W 
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} 4 t Balze La | N hf ‘ 
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the ct tr et t 
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Chicago Will Be Scene of AIME Annual Meeting 


Technical and Social Meetings Highlight Varied Program 


q Re ryt N 
4 

T ket +} } it $12 ) 

Will tak 

> ‘ The EMD | 
T 


IRON AND STEEL DIV 145 om 
ISD Annual Business Meeting 


MONDAY FEBRUARY ‘ | A.W. Thornton presiding 


00 am 


Howe Memorial Lecture 


H DeWitt Smith ond AW. Thornton, Associote Chairmen 
statistical Methods in the Stee! Industry at 
pom 
Luncheon Meeting, Physical Chemistry of 
Steelmaking Committee 
J). Elliott, Chairmen 
N 2 00 pm, Waldorf Bollroom 
Mechanical Working 
Michael Tenenbaum and B. R. Queneau, Associote Chairmen 
Metals Branch Council Meeting Stee 
Men ughtor hoirmon K F R Catt SB 
r iF 
Therm hemiustry Slags 
Phy Chemistry of Steelmaking Influs fs 
Physical Chemistry of Extractive Metallurgy S » : 
Join? Se with EMD 
6 00 om 
ne A ate Chorrmer Metals Branch Cocktail Party 
700 pm 
Metals Branch Annual Dinner 
WEDNESDAY. FEBRUARY 16 
? 30 om 
ISD Executive Committee Breakfast Meeting 
3. S. Marsh, Chowmon 
700 am PDR No 
Sulphur ond Oxygen 
D L McBride and Murphy, Associate Chairmen 
m Walder? Ba foal Pa 
New Processes in the Industry 
S r Be ; One H r 
‘ ise M 
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Chicago Section, NOHC, Annual All-Day Meetin 

tr AIME Annual Meeting, parti 
Members, are invited t 

Del Prado Hotel 


Registrants for the 


Iron and Steel Div 


9:00 am, De! Prado Hotel 


Registration 
9:30 am 
Basic Furnaces and Refractories 
D. Hess and J. Carney, Associate Chairmen 
De yn and Operatior fA Basic Open Hearth F 
Ke es & Wire C A. H. S 
K es & W Pe a, Il 
Oper t 5 
S. Steel Cor Ss \ 
Or F. O’Brie U.S. Steel Corp.. S h W K 
Cr I 
B Re Ove 
e: W. S. De U. S. Steel 


2:00 pm, Del Prado Hotel 
Structure and Segregation of Rimming Steel Ingots 


M. Tenenboum and H. Wishart, Associate Chairmen 


f ce P Deo. 
Perfor? Rim Steel: L. Fle 
U.S. St Corp., Gary Works, Gary, In 
‘ ng Pr ce S ct ¢ re 
f Stee R ete Youngst 
S & T Indiana H I 
‘ Segregat f Ron 
S J J. F. Elliott, Inla Steel Co., Chicag 
‘ Technique Surface Structure 
g ‘ W H. Ma », I >. 
( } Pa 
‘ ‘ D g rhe P ‘ 
K Bett town Sheet & Tube ( Y 
5:30 pm. Del Prado Hotel 
Cocktail Hour 
Courtesy Suppliers’ Committee 
6.30 pm 
Annual Chicago Section Dinner 
Toastmaster: Oscar Pearson, U.S. Stee! Corp 
Speoker: Frank Leahy, Exothermic Alloy Corp 
THURSDAY, FEBRUARY 17 
900 om. Astoria Ballroom 
High Temperature Kinetics 
C R. Tevler ond W Shermon. Associote Chairmen 
St ) mn in Maan 
Eusk k ; 
‘ M Mi 
th ¢ Ge 
Inet 
{ S r Ww. O. I brook 
I te of T r P burg Pa 
de Me by ¢ 
ride E t r Iron Bath: Rama 
4 K \s n 


9.00 om, Porlor C 
Steelmaking 
C. F. Staley and F. O. Lemmon, Associate Choirmen 


The L sé f Hot Metal in the Electric Furnace R J 
McC Republic Steel Corp. ¢ ago, Ill 

Preparation and Arc Melting of Hig Purit Tro 
G. W. P. Rengstorff, H. B. Goodw Battelle Memo- 

al Institute, ( mbus, OF 
As f Temperature h F damental Steel- 
C. FP. phe Continental Foundry & 

Mact 
‘ 7 P ‘ ‘ Vie i Ca Bo Stee 
Kattus, Southern Research Institute 


2:00 pm, Astorio Ballroom 


High Temperature Thermodynamics 


Gerhard Derge and R. Hindson, Associate Chairmen 


Ss mlity of Oxygen in Liquid-Iron and Iron-Nick« 
\ H. A. Wriedt, U. S. § Cory Pittsburg! 
P J Chis n, Ma Institute of Tec! 
Li M 
Re of O ‘ Molte Cc) { 
D.C. Hilty, W. O. F I Folkman, Ele« 
Met ( Nia N. ¥ 
‘ yn i S Li 
B e: S. Gill t 
Ba >. Stee Pitt irg? Pa 


EXTRACTIVE METALLURGY DIV 


MONDAY, FEBRUARY 14 


10:00 om 


Metals Branch Council Meeting 
McNaughton, Chairman 


2:30 pm, Astorio Ballroom 


Aluminum 
H.W. St. Clair and A.C. Byrnes, Associate Chairmen 
i chr \ 
f Ame Re ar Lat 
tow Ker 
f {A te W t 
I S B { W act ¢ 
Cc ‘ Re tior 
> Ma t Lake La ] 
H Ru D. I 
>. of A 
4 N Ker 
Pa 
{ i 
Joh ( M lil 


2.30 pm, South Ballroom 
Physical Chemistry of Extractive Metallurgy 
Physical Chemistry of Steelmaking 
Joint Session with ISD 


Schuhmonn, Jr, and D J. Girardi, Associote Chairmen 


Derg 
{ I f Pit P 
] ‘ } (5 Der Ca 
gie inst Pa 
P} e Eq ‘ FeOU-FeO O. Arnulf 
M mn | er State College 
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TUESDAY, FEBRUARY 15 


Ph Chemistry of Extractive Metallurgy 
hens. Jr. Associate Chairmen 
Hydr metallurgy 
Joint Se n with MBD 
rword. Ass te hairmen 
400 om 
Metals Branch Cocktail Party 
OO om 
Metals Branch Annual Dinner 
WEDNESDAY, FEBRUARY 16 
900 om Upper T wer 
Symposium 


Refractories for Processing Liquid Metals and Slags 
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T. Stroup and J. D. Sullivan, Associote Choirmen 
Developmer Refractories a Their Apt 
7 for Non-ferr Metallurgy: W. F. Rochow, ( 
B hare Hart Walker Refractor: 
Executive Committee Breakfast Meeting g 
Stroup, Chairman R ry Mater llins 
Metallurgical Niagara Fal Ne 
9 00 am. Astoria Ballroom T. F. F I Hayne Stellite ( Kok if 
Brick ' Metals: B. M. J 
Hydrometallurgy-Physical Chemistry of Extractive 
1. 7 Ss 
Metallurgy t t N. J 
Ce the High-Tem; ve 
Ki ba Me il 
Yosh O. Tangel, Associate Chairmen 
12-15 


pm, Upper Tower 


Annual EMD Stag Luncheon and Business Meeting 
2:00 pm, Upper Tower 
Symposium 


Refractories for Processing Liquid Metals and Slags 
Stroup ond J.D. Sullivan 


Associote Chairmen 
Mate Re t | / R. M 
t F k Batt M 
Ziv Sin B 
i R. M. E A. F. Hask Ba 
1 
‘ r Fur 
Int t aul g&R 
at 
Cc e Ref Nor 
J.E E Re 
ffal N. ¥ 
THURSDAY, FEBRUARY 17 


9.00 am. South Ballroom 


Pyrometaliurgy and Hydrometalliurgy of Zinc and Lead 


R_E Lund and &. G. Knickerbocker, Associote Chairmen 


last, G. H. K 
ng & Smelting M 
na Cc 
Ke \ 
( 
ke 7 K 
9:00 am, Boulevard Room 
Titanium 
W J. Kroll and N.C. Fick, Associote Choirmen 
Re W D 
j Ss 
Ba 
S M Al O 
7 
S Sig vy 
f 
f Be A. H 


by 
] 
‘ 
F 
‘ 
\ 
. 


2:00 pm, Boulevard Room 
Titanium-Zirconium 
S. M. Shelton and R. B. Gordon, Associate Chairmen 
Preparat f High Purity Zirconium Tetrachloride 


ka Ch rozirconates: R. V. Harrigan, Tita- 


Zircor nd Hafnium Production Operatior f the 
Carborur Met Corp.: W. W. Stephe C. Q 
M on, Carborundum Metals Corp., Akr« N. Y 

Jeve the fa Pre Tita? 1 Re- 
A. Boozenny, D. W. Cleaves, Titanium 


Metals Corp. of America, Henderson, Nev 


INSTITUTE OF METALS DIV. 


SUNDAY, FEBRUARY 13 


7:00 pm 
Publication Committee Meeting 
W. R. Hibbard, Chairman 
8.30 pm 
Program Committee Meeting 
D. J. Blickwede, Choirmon 


MONDAY, FEBRUARY 14 


9:45 am, Waldorf Ballroom 


Nuclear Metallurgy 


D. W. Lillie and E. Epremion, Associate Chairmen 


Study f the Radiat n Stat ty f Austenitic Type 347 
Stainle Steel: M. B. Reynolds, J. R. Low, Jr., L. ¢ 
S G il Electric S« ne N. ¥ 

E r ere M ienum t N 
C.A.B h, W. E. McHugh, R. W. Hocke Ger 

t ocnhenecta N. ¥ 

Preferre Orv f < Rolle Ur m F 

W. Seymour, General Electric C Schenectady, N.Y 


9:45 am, Parlor Room | 
Constitution 


D. J. McPherson ard J.P. Nielsen, Associate Chairmen 


Zirconium ¢ in im Diagram: B. A. Rodger D. F 
Atk | State ‘ 

\ Syste J W 

r ip! Pa 

Magne k er of the Mag 

R 

Curr Bu j Ternary S 

P} M t ir ect ] te 
Bl i r. A I 
i 

ré f Py, pertie ‘Ss ‘ 7 
Me \ Wiener ting ‘ 
gr Pa J A. ger Ur t of 

itt k Pa 


Metals Branch Council Meeting 
R. R McNaughton, Choirman 
2:30 pm, Parlor A 
Recrystallization 
G. Edmunds and WR. Opie, Associate Chairmen 


Temperature Depe ence f Annealing Phe mena mM 
4 Ss gle Cr i Lutt 
F k, fl I 

Re Be ef Re ‘ r 

Super P EC. W. Perryman. A 
4 Lab Lt Kingston, Ont., Cana 


Microcalorimetric Investigation of the Recryst« : 
f Copper: Paul Gordon, Institute for the Study of 
Metals, University of Chicago, Chicago, Il 

Recrysta ition Characteristics of Super Purity Base 
4 Magnesium A ’ Pet 
‘ ‘ E. C. W. Perryma Aluminium Labora- 
t es Lt Ki gston, Or 4 

Some Aspe e Re stalliza- 
tior f Vape Ye \ re Sele N. E 
Br F Ve onvae Creme Electrix Co 
schenecta N. ¥ 

te the Ri ng Te cre 1; 
‘ Te » A. Beck, Alfonso Merlini, 1 ve 
t f aur i 

Re ‘ ( i-Rolled A 
e l New Y k | versit New 
Ye W. R. Hit é. General Electric Sche 
n = 

( entat Be inneale an? 

H K er H. Ge ler General 


3:00 pm 
JOURNAL OF METALS Editorial Advisory Board 
Meeting 


Smert, Jr, Choirman 


4:30 pm 
IMD Membership Committee Meeting 
J.P. Nielsen, Choirman 
TUESDAY, FEBRUARY 15 
7:30 am 


IMD Titanium Committee Breakfast Meeting 
J H. Jackson, Chairman 
7:00 to 10:30 am, South Ballroom 


Deformation | 


CS. Roberts and FL. Vogel, Associate Chairmen 


Me iring the nt at f Crystal Stru 
H Walston Chubb, Bat 
M t i) 
{ , gle Cryst 
‘ fist ‘ } 
} | RO 
} G D G 1. Fle t ‘ Ma 
H : J General Ele« 
12:15 pm 


IMD Executive Committee Luncheon Meeting 


Scott, Choirmon 


2:00 pm, South Ballroom 


Deformation II 


H Hunsicker ond A A. Burr, Associote Chairmen 


Study tic Deformation im Zine 
Cr ; ; eral Elects ( Sche 
re 4 N 

S ‘ ect ra ; m R.G l'reut ng 
Be relet | Murray Hill, N. J 

r t De by T 
ion: E ell Telephone Laboratories, | 
M 
ete f the tof S Hardening A 

tted th Fatigue: } Webeler, Lewis Flight 
Propu J ory Cormmittes 
f As Cleveland. ©? 
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t W. S. Hyler. Batte!l! THURSDAY, FEBRUARY 17 
4 
9 00 am, Normandic Lounge 
} Sct 
' Diffusion and Powder Metallurgy 
as H. H. Hawsner and G. T. Horne, Associate Chairmen 
iffu nofZ nd Copper Alpha and Beta Brasse 
R. I zk, inia Ele Products, I Bayside 
RW Affi, ty, N.Y 
Nickel into Copper: S 
M I Crt Elect Schenect 
uw. 3.8 t, Universit f Michiga 4 Art 
6 00 om M 
Metals Branch Cocktail Part Relation of Strength, Cor 
= tere J. Gu and, P. Bar Firt 
Metals Branch Annual Dinner man Blement Ronald Silverman, American Electro 
1 I K 
D ed A 1 i Hydrog« 
WEDNESDAY, FEBRUARY 16 i phere for Sinte 7 Stainless Steel: H. S. Kalish 
EN. M ur Electric Products, Inc Bay- 
y 
9:00 am, Waldort Ballroom 
Transformation | 
F_H. Wilson and M. Steinberg, Associate Chairmen 
2:15 pm 
I IMD Powder Metallurgy General Luncheon 
H. H. Howsner, Choirmon 
2:00 pm, Normandic Lounge 
Powder Metallurgy Symposium 
A. J. Shaler, Chairman 
M 
r N R ( ‘ i t 
IMD Annual Business Meeting Pitt irgh, I N. J. Grant, John Norton 
++ howr Dens vania Stat Universit 
ge, Pa 
Annual Lecture, IMD 
2.00 pom, Waldort Ballroom 
es end As ste Chairmen 
Oxidation and Melting 
R Ogden and J. Everhart, Associate Chairmen 
) Me M enut 
om aly 
Transtormation |! f Ut Salt Lake Cit 
Moly 
k MoS A. Spil gie Institute 
: n R. E. Cart Canada Dept 
F.D 1, Nuffic R Extra 
M K Eng 
Ss 
‘ es Me 
WAT W. Rutt W.C. Winegard 
I 
e N at Ler t 
i Stockma Si t Emplovye 
5 Cc Resé h Cente 
f G. Dilloi Argonne Nationa 
oe Se rat ‘ Me ng 
Bell Teler re l I 
ne 
T Tour, George 
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Canadian Copper Refiners Ltd. 


Electric Furnace Melting Practice 


Electric furnace installation and tough-pitch copper-casting operation at Canadian 
Copper Refiners Ltd. are described. General layout, power supply and control, refrac- 
tories, induction pour hearth, casting equipment, metal temperature control, and oxygen- 


content control are discussed. 


LECTRIC furnace at Canadian Copper Refiners 
Ltd. was put into operation in August 1949. The 


Slauallion 


designed primarily to meit electro- 


pper cathodes and to produce vertically cast 


ough-pitch shapes. To meet emergencie juring 
reverberatory furnace shut-down provision wa 
gs ila t igh-pitch wire Dars 
Vue ne ease wit! which met temperature 
eiting rats xygen content, and casting nou can 
e altered iit | luction de and the electri 
furnace has met the requirements adn ably 


General Layout 
The plant has been described by H. S. McKnight 


ipe vere W he electric furnace has beer 
r allied in a 140 ft extension of the liginal casting 
The exte n, 264 ft in width 
nt ne 24 ft and four 60 ft b eaci a continua- 
I ar t n the older building. Fig. 1 
t plar the exter hows the Ca- 


ijor equipment 


Power Supply and Control 


Power f the electric furnace and its auxilia 
equipment elivered by Quebec Hydro er tw 
2k three-phase, 60 cycle pole lines. One line 
‘ ‘ tne second sé a an emeree 
ind 4 nnectior for the electric f nace f 
est which a feed the refine! pow 
‘ Re Ltd. pe Connections betweer 
tior nd the f nace transforme 
e in uncerg! nd conduit. The ar f nace i 
AUX equipme tra 
nr witcngea ire in the transf el m me 
the furnace 
Stepdow from 12 ky to arc-f ce gee 
e | 7500 k -immersed wate ed 
hree-phase 60 cycle transformer. This unusua 
ni KVa it available because the arc f act 
tra I vere } ed f i teei-melt 
nit ndar voltage ‘ aliable te 


W. A. SHEAFFER is associcted with Conadion Copper Refiners 
Ltd, Montreal East, Quebec, Conade 

Discussion of this paper, TP 38500. mey be sent, 2 copies, to 
AIME by Mor 1, 1955. Monuscript, Feb 4, 1954 New York Meet 
ing, February 1954 


TRANSACTIONS AIME 


between 251 and 95 v (across phases). A four-posi- 
uon tap changer, operated from the furnace switch 
board is connected to taps yielding 199, 164.5 127 
and 115 v, respectively. The transformer primary 
feeder is equipped with a General Electric Magne- 
Blast circuit breake: 

The pour hearth, casting wheel, bosh conveyor, 
and other auxiliary equipment are fed by a 12 kv to 


¥ } 


750 kva three-phase 60 cycle transforme! 
Graphite electrodes, 14 in 


are held in the arc-furnace electrode arms 


with tape red nip; les 
with steel 
The arms, fed from the transformer sec- 


yndary busbars by flexible cable bundle are actu 


weage 
ated by winch cabies. Direct-current motors operat- 
ng the winches are supplied by a 250 v motor-gen- 
er 


itor set 
Power input to the furnace is controlled from the 
witchboard 


bination of remote controls for the 12 kv breake 


furnace The board has the usual con 


and transformer tap changer, meters, overload re 
iys, automatic and manual electrode motion 
trol witchgear, et 

When power is on the furnace, automatic ele 
trode feed ised; the power draw on a given \ tage 
tap ther governed by current-limiting re tat 
The rheostats work through a We ting! int 
anced-beam contro! circuit whict n turn pe it 
eversing contactors in the winch motor ci t 


Arc Furnace 


The are furnace is a standard-type NT Pittsburg! 


Lectromelt with inside shel] diameter 12 ft 344 
By hvydraulic-lift cylinder the furnace can be tilted 
forward to 39'2° and backward t from |} zon 
tal. A roof-swing cylinder is also installed but 1 
ised Fig 2 shows refractory-lining det 

With the lining as shown, operating life betwee: 
repairs is 6 to 9 months of two-shift cast 
tion. Charge slot, skim door, and roof re ‘ 
then are replaced comry etely. and any necessary ‘ 
pairs made to side walls. Bott fe nge | 
the original under courses are sti nm ser e while 


the top course was replaced in October 19 

The launder is lined with high chrome-magnesit« 
trough brick backed by fireclay and insulating 
The trough is covered with fireclay brick and ash« 
tos sheet. At intervals, openings 12x84 in. are left ir 
These are covered witt 


the permanent covering 
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Fig. | —Partial floor plan 
of the extension show 
ing the location of major 
equipment. The electric 


| arc furnace is installed 


in the 140 ft extension 
of the original casting 
building at Canadian 
Copper Refiners Ltd. The 
new section 264 ft wide, 
is divided into one 24 ft 
and four 60 ft bays, each 
continuation of 
boys in the older build 
ing 


i ster 
i i 
‘ 
‘ 
ed t KW 
} 
Lhe 
we 
‘ 
Lhe 
MI 
‘ +} 
4 
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ent 4 ed 
Powe 
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Operating life between repairs for the lining os described 


Fig. 2—Diograms of the clectric arc furnace showing refractory-lining details 
is 6 to 9 months of two-shift casting operation. After this period, charge slot, skim door, and roof refractories are replaced completely 
ond ony repairs necessory ore mode to side walls. Bottom life is longer. Launder lining is high chrome-mognesite trough brick bocked by 


fireclay and imsulating brick 


wer cont nd power-fact Manual selectors permit connet 
er cal r ‘ llage tar it - Kw tay to the A we ymitactor and the 70 or 
al draw f 10, 20, 30, 70, and ) kw, respective kw t to the “high” powe ntactor. High or 
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il 
| 


‘ he sel hined and water-cooling channel drilled The 
wit ‘ t tem con ts of a seri {f nol A 
t water to enter near the the 
j ‘ ‘ ‘ in ertical channei paraiie tre 
and and ieave Dy heade! ear the toj 
‘ r iret na yt 
eme ‘ at a < t) 
to 195°F. Water returns f the 
j neei t ga t ige tank which i 
‘ tne i ating pum} r wate 
te cont eda DY ‘ tance tne - 
‘ ‘ re ina i a i 
‘ at pe ling n Lie pe Lin 
fa 4 t ig tuated valve, admit id wate 
Casting Equipment and Operation the ge tank drains exce water to the sews 
eit eparat I 
ire erne du n- 
wit n-free face 
é faces which meet accepted jard 
xygen and ipt ent 
‘ 
and 1 ng cedure e fact 
ead sSucce fu De it eq 
e bee lesigned to prod th balance w ‘ 
tal fact equipment life 
‘ | ted 
f P ead a fT he 
Fig 4 ae ‘ ete ed face ‘ 
he ‘ e re ed ng. Cathodes are 
he 
x witn t wate ediats atte ele 
ea w hee € T @ the ted the f 
4 le wate fl } t 
‘ ‘ iG where eac! wasned t wate 
, ilphates trapped u pe 
elevate hape Ke ind ai ved i bef Eins t 
M sat f ig? ‘ ire irged t ed me te 
horizonta wire ire pre lng jesired melting te 
hammering the pocket face nt Casting procedure and ment f i nape 
for verticalls ast Ke and ive Dee 1a ted to give casting ale f % 
ferred to the mold shop where ket face ‘ i tons per hr. In this range, the 127 v ta ed f 
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Fig. 3—Arc-furnace charging machine: 
tilting roller-bed table hinged to the 
charge-slot framing. Tilting is effected by 
on air cylinder mounted on the under side 
Photograph shows the equipment in oper 
ation 


TRANSACTIONS AIME 


5, 
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Power consumption, while melting, aver- 


ve 250 kw-hr pe ton at pect powe factor 
Pouring tempe tically cast shapé 
are limited to 2 ng-ladle lp 
temperatures U must be con- 
troliead to y 1eld The ntrol is 
effected largely idjusting con- 
tions at aphole temperature The idea 
rangement to charge at the required asting 
ate and adj ist power input to give the as eda tap- 
hole ire, maintaining this balan through 
tne « riod. However, devia fro u 
procedure caused | other consideration ich 
tart-up and shut-down when operating with one 
or more holding shifts and by minor \ ations du 
t electrode lipping, charge-slot cleaning, ting 
nterruptions, et Compensation fo! ich tior 
made by altering power input or charge te 
The pou neartl acting S$ a capacit cust 
the effect of arc-furnace surge m castir tem pe 
ture. Rapid cooling in the pour hearth done | 
charging cathe cuttings Als nde norn 
operating conditior 125 lb tough tel ib 
n a 250 ib hor nt wire-bar mold fed ci 
tinuously into the pouring-ladle bow Howeve f 
low | r-hearth melt temperature nd hence 4 
casting temperature are encountered, U lat 
er ed to provide i casting-tempe it nere 
A fte rrective mea ‘ have been taken in tne i! 
furnace and pour hearth, the slab eplaced in the Fig. 4—Cake pouring ladle in operation. Wire bars and vertically 
dle bow! cast cokes ore poured from the conventional bow!l-type lodle, as 
At 15 min interva juring the castir ‘ i illustrated, using either one of two lips as required 
temperatures are measured at the furt t 
hole using chrome] imel imme n-type | 
mete I hearth temperature led 
ti ousi the Ravotube nstallat 
temperature ire estimated by the furt erat 
t} igh frequent check ire made with the i 
omete 
i 6 graphically illustrate temperature tw 
furnace taphole, j t. and p 
pt i tyt a 
Accurate xvgen- ‘ entia f 
‘ table et surface duced on t ig? 
t ‘ With the nultaneo ind 
procedure. tt becomes a } 
‘ t ¢ eite 
Except f i small pickup where the metal strear 
t nd out of the pouring ladle enn 
Dtained i admis nto the arc ! 
he th. or 1 ng ladle To mit ¢} i , 
? ne locat ind hence 
t cna l-t quette cove is rr nta ed in ti 
neart? ind pouring ladle I nade per 
ir’ ereaq DY oose brick A result eT 
kur nfined «¢ ential! t tne cf nace 
Air enters the arc furnace as cathodes are charged - 
A] yuare opening left in the w kd 
‘ ‘ effected t alterir furnace iraft a 
wt necessa the work-door opening. Under no 
; nditior atisfactory control btained by th Fig. 5—Billet distributor, showing how vertically cast billets are 
method ere additional ; ickup is de ed, air car poured in poirs from the brick lined cylindrical two lipped ov! tied 
he admitted by pening the loose launde Ve ) distributor. Metal is poured from the cylinder by rototion about the 
emoving portions f the char a } rette principe! axis Streams from the lips ore directed into the molds by 
P n the pw hearth. Limited reduction in the fireclay-brick funnels 
gen content of } effected by workir a 
the ng- ile cover into the melt ure cut, polished, etched, and examined at 60 diar 
Sar es f yptical estimation of oxyes ntent Results are used for contr purposes and as a che 
ire taken from the c-furnace taphole nd tl m oxygen content of the shape 
s" ile lip at 1 } nterval juring the ist Typical average xygen-content distributior P 
ring % in. diam by 3 ir ms th igh the system is shown in Table | 
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Table tl. Vertically Cast Copper Analyses 
Au 2 
T 
Me St 
— 
Ss 
juring an off t. The required weigt f 
ne ided t tne npe stre m tne naer a 
eacn shape iread during tne ast The proced 
tilizes the pour-hearth induct witation and melt 
iny specified content 
6 pper temperoture distribution for singl« shift 
costing period Sampling and Inspection 
One electrical conductivity test 1! maae tor € 
i. For this test e is taken f 
= -ladle and cast int a billet 1% wu 
ind vr Z ‘ ‘ The A 
innea | t ned. Ave 
‘ S 
r ast re ‘ ele ed 
, n ‘ Ltd atory 
‘ e Il 
‘ 
‘ veat 
+ o 
t Where ‘ t 
‘ ‘ face ‘ ‘ 5 
‘ ‘ pected nda eects 
H wire } 
‘ ent t ‘ ace 
elt 
‘ ‘ H Ve 
ji ku () en ‘ t } 
na T sid ‘ 
‘ 
th eld at 2 R 
‘ {) er te tained t 
Canad ( er Re Ltd. « t f 
‘ 4 x 4x1 19 4 6x2 
Tab Average tygen atents During Casting i Per 
x 4) 4 ’ vert ] ist nd 7 
Peruse reer 
Tap Hearth lad 1 
Shape hele Mel Lip Shape 
References 
Refiners I t \IME 106, pr 
J S and E. M. Elkin: Ca Cor 
M t P nt Tr I tit jte 
& Met re 1946) 49. pr 43-19 
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Some Factors Affecting Open-Hearth Performance 


A study was made of combustion-air temperatures and factors affecting air tem- 


peratures in the open-hearth regenerative systems 


Air-temperature surveys in the 


regenerative system revealed marked thermal gradients in the air above the 
checkers. The design of the fantail-uptake region plays a prominent part in increas- 
ing the heat recovery of the regenerative system. 


ne im ‘ 
tact na eceived rhe 
erat ‘ ent i! the en tlect perf 
ance nha pe n ea narging 
and the nar eal: t 
‘ i leper ‘ it ‘ mbus- 
n-a tem pe By il measured 
tempe 1 he tr nace at vere 
presented whict howed a remark ‘ egree of 
betwee luctior ite and t t 
her her than ai 
tem; i whict n-heart! lucti 
ate I " k. a 100 F eina ter 
perature educed the heat time | pr ate 
45 
Realizing the importance of combustior te 
poe itu able t KNOW which fact 
t the evgene e T the pe neartr 
fu , M. La j issed t} bh. 
mportant ite that affect enerative efficiency 
nd comt t ter it 
tins atte part 5 iy pen-heart} 
Dust a empe at Vas it the Soutr 
W x the ted State Stee { I In the tial 
k pe he +} hop X which | ‘ low 
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irbor tee] products, temperature were measurt 
e uptake i manm imilar to that used by 
Marsh‘ and the results obtained were very similar 
the Bethlehem data. When it was decided lo expand 
the udy ft combustion-ai temperatures, open 
hearth shoy Y wa elected because of the greate: 
iniety of furnace-design features, types of steel 
juced, and firing rat ised. With the use of 
aspirating thermocouples, continuous gas analyze: 
thermocouple and optical pyrometers, a study was 
made of: 1—-effect of combustion-air temperature or 
pe hearth production rate, 2—thermal gradients 
esent In various zones of the regenerative systen 
effect f nace-cde Va itior or al ter 
pe aLure ind heat rec ve effect of furnac« 
perating variables on heat recovery, and 5—-varia 
tion in heat recovery with furnace age during the 
mal f nace campaign 
lata collected on ir jual heats at 15 min ir 
te ided air-flow rate, firing ite, checke 
perature, combustic iir temperature, and f 
nace pressure. These data were collected on approx 
ately 230 heat of steel In additior information 
wa btained at random on air infiltration and com 


bustion-gas composition The data gathered have 
shown the desirability of closer control of open- 
hearth firing practice a need for reducing air in 
filtration in the uptake zones, and a need for further 


and of uptake-fantail 


study of design of checke: 


irea 
Equipment 
Air is practically a nonradiating medium. Con- 
equentls n the measurement of air temperature 
the principle of heat conduction must be use: rathe! 


princip| 
than heat radiation. For thi ating -type 
pyrometers normally are used to 
With these devices, air 


reason, aspir 
thermocouple 


measure air temperatures 
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Fig. |\—Front end of the aspir 
ating thermocouple assembly 
- on 
nectior pie iple was inserted through a small hole 
iT AS} in tre Wa at the sill level of the ea Ke rie 
the nott Va serted at the beginning oO! each a cye | 
Of the a temperat e Vv atior ge 
‘ i eve e thereby was obtained. A mplet 
at g hror , t log was kept which included 
he tion-air temperature but thy 
t 
hecke temperat ind furnace 
i n, a ret i wa pt r heat 
wa be ha t 
nace ‘ 
‘ ‘ ‘ wr ‘ 
‘ Ta I 
ed t tak 
‘ ‘ tr hest vest 
+} ‘ 
‘ } +} 
il 
‘ he +} 
} ‘ f 
> thy i of 
ed ed x 
\ 
me +} 


Procedure on tendard proce 


‘ {) he t 
} 
‘ 
thy 
‘ tw 
‘ } 
‘ \ i 
+) } 
Ke K he 
‘ 
a na 5 } the f th 
‘ 
+> hec ke Vere 


Fig 2—Aspiroting pyrometer ond complementary equipment iw ptical-py mete eadings at the ice 
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4 
> 
y 
te rm the check k. were averaged ove! 
tt 
dure, certain 
‘ 
bo 


wall and with checker-thermocouple readings in the —_— 
bulkhead 
Studies were made also by taking air-temperature Bese ave ae vewe 
measurements at l-plate level on both ends of the : eo” 
ame furnace when checkers were balanced ther- ; “ 
ma and when checkers were out of balance. When =o ste 
temperatures were measured ir one uptake of ‘ 
the furnace lata were collec nly when the 
eckers were in reasonable thermal balance 3 
Other variations from the normal procedure ir : 
ved tl ise of heat provers to obtain waste- ae : 
ina simultaneously with the air-temperatu 5 
me irement F the study of combustior *s 
} t prov we y - - 
provers we! ns sarne 0s or soo 
ere € the a pe 
hermocoupies at the evel in the if t te 
u py te end of the furnace. For the study of a : a 
we 
nfiitratior tw neat vers were ised simul _ 
tanec \ re at leve and one n the checker Fig 3 Graphical! presentation of data obteined on a representa 
flue Other vv ations from normal procedures in- tive heat 
} varia ns in é now rate thi ‘ 4 with th exception 
i r t-time inte a nd a study of the effect ‘ +) +} 
have tl e} ea and ba le} 
P ‘ ; neratiure 
lurnace i! nh alr tempera Fach na w ed-a Tar 
Ir t study changes ir nace design, en he ‘ fue 
ed bt lata f m five pa « +} eam aton 
j ace it pen art? hop Y These five e equipped witl 
ton I nac are cribed in Table II tis ‘ ‘ for flarm 
d t is ws ] F irnace chment me of these fea 
ba furnace which has suspended ba ‘ be te echo! 
k in the f, port pe ptake wal nd fa 
4 
r The double uptake area 43 sq ft. 2 Results and Discussion 
} ce epresentat of pended Re Heat: Before b nnir ia 
4 ft. 3—-Furnace C is an extended-hearth fur- heat are s} hically in Fig 
e with a ngle uptake nstruction 40 ft ' et Table I. } } trates the va 
4 Furr ‘ 1 E are conventional ter ‘ tur 
‘ nstruction and are tvr il of 11 of the 14 fu hye t { the ‘ nerati\ 
nt hor These furnaces have louble ter Y wher her ] 
lifferent 4 pract e than furr ‘ Ty nea nt the ternperat ‘ 
nce these f nace are all ated n the These rrit fa bh] wit? ly 
me hor nd are producir the ame product : hecker tem dat trate I M } It 
Some f the milar feature of these furnace are } 1 bye emem here that +} the ave 
fo] 1—All furnace with the excention af ad rather 
ve t type f hecker ir 1 checker roofs tr rY r? tem! it f the « th 
furnace has a single checker chamber temperature te ‘ i time. 
with Ant pended checker roof as compared t have heer 1 +} luetrate 
th livided chamber and double-arch roof of the the variation of the ave e air temperature for eact 
Table |. Log* of Heat Presented Graphically in Fig. 3 
Alr C becker Rridgewa Firing Practice 
Optical pmeter 
Temperature o Gas, Pur 
“ “ Thee nace 
Sill-Lewel Air Checker Mridgewa on and ree 
Time Air Temperature Air Temoperatere after Mal ish tte Rie Ce Ft eure 
Re Ke Re per per per Steam, In 
Start Finish Start Med Finish Hall Start Med Finish Half versa val vere Mr Mr Mr Pet 
2 2 
“ 4 ‘ ‘ 
‘ 2 4 
aa ‘ ‘ 
a + 2+ . 7 4 
Purnace Additions 
2 24m 
eve er ke ge 
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Fig. 4—Air-temperature voriction throughout a typical air 2? 
cycle 
Fig. 6—Effect of combustion-cir temperature on corrected 
begin charge-to-block time on standard silica furnaces 
Efiect of Commi tion-Air Temperature on Upen- 
; H ni t Rate: For each heat studied, the 
mbdustion-air temperature from melt-to- 
ta ace CK Wa Otained a bed above 
rt lata the were compared with the open-heart! 
ent time is Measured in hou f m begin ch: e. 
CK Fig. 5 istrates the correlation of 
mit t n-a rature and heat time for the 
en hearth st a furnaces. Each point repre- 
t e individual heat. It can be seen that there 
: rrelat n between heat time and the com- 
n-air temperature. However nee tl shoy 
ict i va et stee] muct rang ng fr 
pet of the heat-—time data were 
tert or tant tay cart ho time 
- ‘ f factors developed by the Industria 
mbustion me J nw g Der The heats were ected to a 
ntent at tar and further ect 
P ed f the ha tir wa over 1 
ist te the ar lata a 5 ey pt that 
t tirne Va deer made tay carbor ind 
tin It eadily apparent that there 
y le tte f the point when these 
ect ve i, and a muct t nger cor- 
nm exist between combustion- iir temperature 
Table Il. Specifications of No. Y Open-Hearth Furnaces 
Ne A Ne B Ne. Standard Silica 
+4 
‘ ‘ 42 
627 
‘ 5.2 
‘ 49 
2 2 2 
727 
S 
R R 
4 
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ta 


and the corrected heat time. In all future data in 
rt, the heat times plotted have been cor- 


ected in this manner 
In Figs. 7 and 8 are shown the correlation of ai: 
temperature and heat time for A (all-basic) furnace 
it open-hearth shop Y and for the silica furnaces a 
tine } no} Y. Fig. 9 illustrates the dif 
ferer bserver r the period of study for the 
va open-hearth shop Y. The 
me ace lesigr average 
cu urements oximately 
} se of seve! ace cam- 
iigns. The data for these furnaces have been plotted 
ndividually in order to demonstrate that an open 
ne tr furnace joes tend to possess individ ialistic 
performance characteristics. In these cases, howeve 
these fur somewhat in design and 


peration 
major differences 


observed between the furnaces illustrated in Fig. 9 


as follows Furnace A (all-basic ) has an average 


‘f 1 hr shorter heat time than the shop silica fur 
naces largely because of the use of a 10,000,000 Bt 
in easea firing rate compared to othe 
ip fu nace A gher firing Sssitate a 
er air-flow rate on furnace n tur? 
f ted ir me at lower air temperature but 
taste neat tirme ven fuel and a r-flow rate 
necre ed air temperatures resulted in shorter heat 
time 
Ir Immar>°ry t ¢ n be een that, cor le ng all 
thy able that ¥; t oF n-hearth heat time. thers 
exist verv strong < ‘ heat time 
na ave ige combust 
Effect of Furnace Age 4ir Ten 
cure Furnace Perf nown get 
that f ice eff ‘ ate 
the overall thern ott nev f thy egenerative 
ter Some fact contributing to the decline ir 
heat efficier ‘ fey tion of dirt and oxide 
n the regenerative ysten 2 ncreased a nfiltra 
tior ind heat } through the efract ‘ re. 
lting fror efractorv deterioratior 
The legree ta nfiltratior it ar giver tage 
particula imi not cor tent with age 
but varie with det ‘ nstruction. the method 
f furnace eration ea n the campaign, and re 
m the air-infiltration studies on furnace 
per he +} 
it r 
+> hor 
a 
‘ ar 
A ft, 7 
the ‘ rye ‘ 
few heats and the natural sealing by fluxir t re 
het thy sir ; lecreased ti 
vimate ¢ oct afte the ccumulat 
heat Measurement m heats thr igh- 
the ect? the impaigr lic th af 
9 ¢ near the end af the mt m. A sharp chang: 
tration and heat es frequently occur 
nm the tter heat fa campaigr when the refrac- 
toris ire ir relatively poor condition T? of 
hange noticeable particularly in the furnaces 
with sectior f suspended-t 
The supposition that combustion-air temperature 
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is a measure of many undeterminable factors present 
n normal open-hearth furnace operation is sub- 
stantiated in Fig 0 and 11 In these charts, both 
heat time, expressed as the corrected begin charge- 


to-block time, and average combustion-air tempera- 


It is evident in these plots that heat time through 
out a campaign para el he changes in heat losses 
in the cam 


ndicated by |! h combustion-air tem 


Fig. 7—Effect of combustion-air temperature on corrected begin 


charge to-block time on N A turnace 


. 4 


Fig. 8—Eftect of combustion-cir temperature on corrected 
begin charge to block time yn 200 ton silica furnaces No 
X open hearth shops 


Fig. 9—Choracteristic effect of combustion-cir temperature during 
steel! refining on corrected begin chorge-to-block time for Nos. A, C 
and shop silica furnoces. A is No. A all-bosic: 8. No C extended 
hearth, and C, average of shop silica 
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Dt wir te heat Tir +} peak. thers a made mn variou ection ; he regen sy tery 
‘ mit term pe ature I Degin th phase of the nvestig survey 
Kimmately for addit nal 50 wa made the ; r-te mperature Variation m the 
eat : irr ted iptake at sill level] be th ina iteral and longitudir al 
r} te let ition f refractorie and direction. Measurements were made on seve ral heats 
‘ jitant mbust r ternperature nea m eacr several furnaces en the aspirating 
most evident in the data thermocouple was moved both laterally and longi- 
hth r f the uil-basic) furnace tudinally in the uptake zone, it was observed that 
i Tect the result of rapid the temperature of the air-flow tream in the uptake 
’ the erative tem, a wa ibstantially ur rm. Th bservation is simila 
mtr endaed-basic roof those previou made by Mars} Following this 
ur the ‘ the isefulne Tr oservation, a standard procedure was adopted for 
Alératins ating the pyrometer hot junction near the r 
the pit- iptake we I Jre the reliability 
f+ ampaigr fa temperature measurements on only one ic 
f t erature ate that i the regenerative system, measurements were made 
‘ t eliable index t use of aspirating pvrometé on each end 
act ‘ la f thy fu nace Ir manne the a t¢ mpe ires 
ition tec? The i were obtained results sh i that, ir 
‘ ire ar fue nd the f the heat nly a mir lifferer r 
‘ tu tem pe ture 10°F) wa bserved fron ne end 
te t the } f the furnace to the othe These measurements 
os ‘ irse. when ths hecke ysten 
vere nat ther il nee Fr m these re- 
‘ ided th it the ive wea tem pe a- 
ficie esult tu Otained in the uptake on one end of the fur- 
to the ult ate ice during the steel-refining ps <i yielded a tem- 
epresentative ithe ave ige for both end 
‘ e Negenerativre ed that unif rr versal time were n- 
f t became 1 and that che r temperatures were similar 
mperat hould be I atte lirements were adhered to for the 
t led in this study 
7 nf mative iir-temperature irveys were 
thy he kee tern Ir the « t of the 
ern? mt n f the measured 
mpe ture iptake ait} nt il-pvromets 
ments taken at the checker } igewa ndi- 
ted that it was both nec: : ind desirable to 
ire temperat heck. tem wit! 
tir thnertr pie athe thar wit? ar 
t meter tandard thermox iple It 
ed that f it were necessary to 
ti thermocouples to obtain accurat: air- 
tempera moe irement the iptake 
° ‘ 1 be « y necessary t e these same instru- 
ments | btair ate air temperatures in the 
necks ham be Acce to the ker-bridgewal] 
pu ry iwa Cer the tor f the checke 
Wa ind the Kew hanne!] of thea air- 
} Variations in mbustion air temperature and 
Ke hambe: she pyrometer used for checker 
begin charge to block time juring furnace compaign 
N » furan temperature measurements was 9.5 ft long to facil- 
; 
- 
~ 
: 
Fig Veretions in mbustion-ow temperature and corrected Fig. 12—Vearietion of air temperature measured ot vorious 


" to block tume the eighth all basic campargn herghts above checker bridgewalls of oll basic and silice 


nace furnaces 
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Fig. 13—Variation of air temperature measured at various heights 
above checker bridgewall of all-basic furnace 


measurement near the center ol 


itate temperature 
wide 


the air-checker chambers which were ls it 


When the pyrometer was inserted, a seal around the 
thermocouple was made with asbestos packing 
A study was made of the air-temperature 
gation in the checker-bridgewall zone The } 
ifferent 


ter was moved in a vertical plane at d 


In all cases, large 


me 
from the checker sidewall 


nereases in air temperature were observed as the 


pyrometer was moved v‘ rtically toward the checkel 
of. The most representative temperature-strati- 
fication data were accumulated on the all-basic fur- 
nace which had a flat suspended chec ker roof ana 
presented a uniform cross-sectional area The rela- 
tionship obtained between air temperature and ver- 
tica listance above the necks at tne necke 
igewall is snown u 121 both the ali-bas« 
irnace and the ave Age ca furnace These curve 
eveal an air-temp* ature variation of tron 350 
to 400°F from the tops of the checkers to the roof 
at the bridgewall. These data also demonstrate that 
at tr cat n the a temperature n the all-bDask 
furnace pproximately 200°F hotter thar the al 
temperature mn the lica furnace Tt lifference 
irg y tre t ilt of the fact that the checke 
me f A furnace 41 pet great than that I 
tre a turnace This ncrease Va ea t 
the the differenc« bserved in the 
gene tive systen {f the aili-dDask irnace and 
ine a furnace give! n the next sectior 

The method by which the dati llustrated in Fig 
2 were obtained hown in Fig. 1 Air tempera- 
t ‘ were mea ed at the lifferent distances above 
the hecke bridgewa for Tempera- 
ture levels obtained we compared with the tem- 
eratures taken at the distances involved on a pre 
cedaing a cle Reproducit tv was estat shed by 
the I t that the tw eparate curve ove! upped at 
the me time in the a cycle f the same distance 
sbove the checker bridgewal Similar vertical 
thern gradient vere noted on all ti furnace 
tudied. Only mur temperature stratification was 
nserve it a giver! nt bove the cneckers 
between the hecker sidew: und center of the 
hecke! 

F wing the irvey conducted at the checker 
bridge ternperature ilso were measured near 
the checker | > is to determine the longitudinal! 

ariation a temperature above the chet ker 
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Fig. 14—Variation of air temperature in different zones of the 
oi-checker chamber of silica furnace 


— 


| 
400) WO FROM CHECHE® 
wt artes OF am may 


Fig 15—Veriation of air temperoture with distance from the 
checker bulkhead showing the effect of rider orches on tempera 


ture distribution 


These idings were taker ough hole the 
checke bulkhead near the ent the a cham be 
it 2 ft and at 4 ibove the checke¢ I} 
tudinal thermal segre ed 
emonstrated for the a fu n Fis 4 

These data show that, ! a ‘ list e above Une 
to} f the checks the a con j { the hecke 

t the bulkhead is approximat 100 °F hotter than 
the air arising from the t the checker! 
bridgewa Again, this difference was noted on all 
the furnace tudied 

In Fig. 15 is presented the method used to develop 
lata for Fig. 14. One interestin; ervation from 
Fis 14 and 15 that the air comu it of the 
checks above each flue arch was relatively con 
tant within ¢« h arch but tncreased mm arkedly a 
each arch Was pass 1 im the ection of the checker! 
bulkhead. Observatior f t positior f the couple 
n the checker chamber w* rade during the trav- 

e by means of a second hole in the bulkhead 

It was observed that the ‘ thermal segrega- 
tion at the checker bulkh« vas very minor as 

mpared to vertical s at the checker 
bridgewall. Fig. 16 schemat y shows the tem 
perature differences obs¢ taneously in the 

iriou parts of the regen 1 ‘ tem studied for 


the A (all-t ic) furnace Tr : anation offered 


for th tratification of air te tures above the 
checker flues is as follow With tl long shallow 

ngle-pa checker system, the n rity of waste 
gases tend to move to the ear to the hecker bulk- 
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Fig. 17—Relotionship between surface/volume ratio and 
heot-recovery efficiency in uptoke-fontoil zones of vorious 
open hearth turnmaoces 
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‘3 
4 
hecker bridgewall and in the uptake at Siu lieve! 
wa" " w r temperature was not constant in the 
Since ea peratu! 
€ ri ail 
> ne at ve the hecker bridgewall, all air-tempera- 
measurements in this phase Of the WOrK wert 
te , made at a distance above the top of the checkers of 
15 in. for silica furnaces and of 9 in. for the all-basic 
furnace the horizontal displacement from thé 
or 
hecker-sidewall hot face was 6 ft in all cases. i hese 
ositior were elected as the most representative 
ection. Although there may be some disagreement 
2 t het? the ‘ tion selected the most repre- 
ti A ; entative t appeared to be idequate for the purpose 
+ nt etudw which comnared four furnace 
f htly different desigr 
oe In Table UI are listed the average air tempera- 
Fig 6— Regeneratry yetem of N A all-basic turnac showing me irea a lli and 1d i 
the ver for the individual furnaces studied. The line in tt 
temperature vanation ncountered in © voriouws zones } vidual turna 
oe ae table listed “Relative heat recovery was de- 
4 the ] = 
‘ Pet Uptake-Fantail Regeneration 
the 
- | , where 7 the mean air temperature in uptake at 
eve the mean a tern pe ature n check 
meee ‘ ° It should be noted first that thers a larg 
yas ' e in combustion air temperature in the up- 
t Further, the increases meas- 
e very r ar t u e recently eT ed DY 
. er It mr rtant t emem he that the it 
+} fanta the furnace 1 a mit tant a 
‘ 
} It wa bserved that a relatively constant per- 
iy ‘ 
he uptake-lanta egion for the individual irnact 
tt eve It was reasoned that t! tem pe ture 
wee ease should be related partly to the rat f the 
‘ th f nace ne t the 
, ‘ tal ime of t? ne. That such a relatior 
+} j though having a relatively smau 
iptake is a n y 
+} ‘ brick ‘ ime 
+ +) what larger rat than the A fur ana 
Recov Retractory Hot-Face Aree 
| i Volun ptoke-Fantoil Zones of Various 
urne pen Hearth Shop 
Ne Ne Standard 
j 
if 


A 
** 


Fig. 18—Effect of furnace pressure on the percentage of heat 
recovery in the uptoke-fantail zones and on the percentage of 
air infiltration, No. A furnece 


a smaller ratio than the shop silica furnaces, also 
because of the large! fantail regior It was observed 
that when the brick area-to-volume ratio In the up- 
take fantail region was high, the percentage of heat 
ecovery in th me increased, and tended to level 
off at a ratio above 0.60 for the furnaces studied in 
tr I ve tigat ‘ n 
e importance of this finding is illustrated in the 
of the all-basic furnace. Although the air in- 
filtration for A furnace was generally low (15 pct) 
and the air temperature above the checkers was 
200°F hotter by reason of a larger checker volume, 
the ac lai combDustion-air ature at level 
vas the same as that f the lica furnace since 
less heat was delivered to the air in the uptake-fan- 
tail zone. The explanation offered for the effect of 
the surface area-to-volume ratio on heat recovery 
s as follows: Air cannot be heated by radiation but 
must be heated by convection, consequently the ai: 
must be brought into contact with the hot-brick sur- 
lace tk accomplish heat transfer The narrower 
fantail-uptake regions of the silica furnaces not only 
allow more brick surface to be exposed in relation to 
ume but al by increasing the velocity of the 
tena t I ease turbulence and thereby increas« 
heat recovery of combustion air. As in the previous 
ection which indicated a need for improved design 
f checks the data iliustrated in this section indi- 
ate a need for greater consideration of the optimum 
ae gn of the fantail-slasg po ket-uptake regions of 
oper he th furnace 


Effect f Furr ice-Uperating Practice on Air Tem- 
perature and on Open-Hearth Production: Furnace 
Pressure: One of the perating tools available to the 


per ea irnace not ‘ and first helper 
ire nt eiting-cham be pre ure Theres 
cor lerabie d greement among Various operators 
to how and when high and low furnace pressures 
hould be ed. In the present work, a stud vas 
he effect furnace pre ure on combDus- 
tion-air temperatt and on open-hearth production 
rate The all-basi irnace was used for most of this 
stud Th furnace wa operated at variou gage 
pre ires from 0.02 to 0.15 in. of water during the 
enning pe I The Variou hea tudied were 
g ped ac ling to furnace pressures of 0.02 t 
005. 0.05 t 0 OF 0.08 to 0.09 and over 0.09 in. of 
Nate F iping of furnace pressure air- 
temperature eading t the checker 
t igewa nd in the f In tr man- 
ner the percentage of heat recovery in the uptake- 
tanta irea W averaged the 14 heat tudied 
The « elat f heat ecove ind furnace pres- 
are presented in Fig. 18. Al n this same figure 
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are plotted measurements of air infiltration taken 
on heats operated at very low and very high furnace 
pressures. The data in Fig. 18 show a marked in- 
crease in relative heat recovery with increased fur- 
nace-operating pressure. That this increase in heat 
recovery is associated with the decrease in air in- 
filtration in the uptake-fantail zone of a furnace is 
shown by the infiltration data plotted. It is also 
possible that there are some changes in the velocity 


of the combustion air in this region when the fur- 


nace is operated at high pressures. It should be 
noted also that the air infiltration obtained on the 
all-basic furnace is of the order of 14 to 18 pct whict 
is somewhat less than that normally observed on the 
shop silica furnaces. This may be associated with 
the flat checker-roof construction of the A furnace 
n place of the arch construction used on the shop 
ilica furnaces. Fig. 18 reveals a reductior f ay 
proximately 18 pct in air infiltration on the A fur- 
nace by increasing furnace pressure from U.U5 to 
0.10 in. of water. Similar studies made n ca 
furnaces in the open-hearth shop Y, when operating 
with various furnace pressure ndicate that a 
crease of pressure from 0.05 to 0.10 in. of wat re 
leakage 17 to 20 pct 
To illustrate the effect tf furnace pre nm 
pen-hearth production rates, two heats were ack 
on A furnace when operating with a pr ire of 
about 0.09 to 0.12 in. of ter which corresponds to 
flame puffing from 4 to 5 doors. The heat times and 
temperature dDbserved n these heat ire con 
pared W th heat time a té me iture f heat 
mace at normal turnace preé ire in n Fig 
ly It ca me een that Wit! rhe ame combustior 
q tempe! ature norte he were obtained 
with higher furnace pressure iste-gas analyse 
were obtained continuou iu these two heat 
» that Aapproxin ately i pet U ina UV pect ombu 
tibles were obtained tl ighout the working of the 
neat It was observed that, to meet ti Vaste-ga 
equirement with the increased furnace ‘ ire 
cor lerat more metered a (100,000 cu ft pe 
hr) had to be drawn thi igh the ! nace | the 
ame fuel-flov rate rt eased r-flow ite 
was an indication f the unt ! that leaked 
nt the furnace throug! the il IptanKk¢ 
when the furnace wa pe ted at nor ul pre irt 
ir imma! t can be stated that increased fu 
‘ 
. 


Fig. 19—Effect of combustion-cir tempercture on corrected 
begin charge-to-block time on No A furnace Closed circle 
is furnoce pressure, 0.04 to 0.07 in of water; open circle is 
turnoce pressure above 009 in. of woter 
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et air-flow rate on combustion-air te eTa- 
ire will not be as great as that indicated Fig. 2i 
the fu were perated ne pe 
ighout the neat a a higt nda a ww alr- 
nd the rresponding fuel rat 
thy A king re hearth hent 
cner t all n Fig. 22 i a et I 
gure that there a arkea and instantané 
te perature ihe heat pattern wea 
. i J n-air temperature closely approximates the 
f tic and the air-flow ate 
istratedad previou r ¥ that, I 
ist le pe ture, the aii-Da tu 
ots ‘ e ha heat t than did t} 
Fig. 20-—Effect of air-tlow rat cir temperotu n the uptoke ot i ited gt 
replate level and above th hecker bridgewa A af tempera the A furnace a mit ed the > . 
ture @ yred om the tok plet temperatur | the ase he 1 fu wh a 
meos i 9 in. abowe the nt th heck br flow ite wa aintained than ! the 
irnace the istion- te perat 
nace a nex ise the ‘ ed 
‘ olur f A furnace ine £ { lur- 
tad t apr ximat the 
7 
ate ss tre i Lt 
tem pe ture A ‘ ene 
he nace i pe 
the highs sir-flow ite wh } 
the furs ate Ever thy 
ist a ‘ perature r te at ‘ 
hievad the use f the } firing 
‘ ina and a now 
‘ flow > bustion oir temperat ia a 
th it and Neat time istrated 
‘ ‘ ‘ bus- 
‘ ture \ neat t ‘ t! vere 
| 
moo 4108 
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Firing and Air-Flow Rates 
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leoo irs 
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Fig) 22—Eftect of air flow ond tuel-cir rotic on combustion-oir 
‘ temperature 
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Table IV. Examples of Waste-Gas Analysis Measured in Uptakes throughout Open-Hearth Heats 


Waste Gas 


Alr Pucl Input Air-flow Rate 
Tempera Millien Btu Theusand Pressere Combeustt 
Heat No Time Peried of Heat ture, °F per Ur Ce Ft per Hr HO Op», Pet bles, Pet 
narging te 72 8 La 
H ) 
te 
81 
2 7 12 
19 6 
78 
= 67 
68 2 
+ 1 
77 4 
9 
4 
+ 7 
20 
be an extel! rhe he j ‘ t! hat the il heat. The hea iced with 
ice { ‘ ‘ ‘ rhe ‘ ‘ ) ha he ‘ 
es) r ter ‘ ‘ im htly 
‘ he ‘ ea y ‘ st the ‘ hye ‘ It 
‘ ‘ ‘ ‘ A ‘ i ‘ cr i« 
} heat Howeve eft et ] ‘ Dustion-a 
‘ 
Combustion Efficiency: | agreed gene 
a Wa rhe ‘ he ‘ col 
‘ {) Atte ‘ ‘ rhe e tue a 
ne ‘ rr t? ed 
‘ at ‘ at the t he ‘ 
24 ‘ he of? 
| t est ist thre ‘ eat ene tre 
‘ } ‘ ‘ t ene 
re ‘ | rye ‘ we +} P ) 
r ‘ i he 
‘ t va ed 
’ 
‘ exce 
. 
*. 
hea he whic 
. 
‘ than r 
} 4 ‘ t the it 
} 
4) 
‘ 
. ? 72 om 
Fig 23—Correlation of combustion-cir temperature with cor 
rected begin chorge-to-block tome for Nos A and E turnaces 
a A represents N A; closed circle, oir flow, No ond 
vet hent we pen circle, low oir flow, No. 
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Electrolytic Production of Hydrometallurgical Reagents for 
Processing Manganese Ores 


A cyclic method for processing manganese ores using sodium sulphate as the basic re 
agent is described. Sodium sulphate ts electrolyzed in a diaphragm cell to give an anolyte 
d and a catholyte-containing caustic soda, a part of which is car 


containing sulphuric 
ore is leached with the anolyte 


bonated in a cyclic manner to form soda ash The reduced 
to dissolve the manganese and the impurities are precipitated by addition of catholyte 
Manganese in the pregnant solution ts precipitated as synthetic rhodochrosite with o car 
bonated catholyte, and sodium sulphate is regenerated Calcining the manganese carbon 
ate gives a high grade product and the carbon dioxide is returned to the carbonation step 
The results of laboratory tests using cells equipped with synthetic-fiber diaphragms and 
permselective membranes, which permit transfer of anions or cations during electrolysis, 


are described 


Electrolysis in Permeable Diaphragm Cells 


B CLEMMER, Member AIME, is Chief, Metollurg:st Div. Region ncentratior i 
\V. United Stotes Bureau of Mines, Salt Lake City; RAMPACEK f lium and thereby de 


Member AIME. Supervising Metollurgist, United Stotes Bureou of 


Mines. Tucson. Ariz, ond P. E CHURCHWARD is Chemist, Solt ' A 

Loke Experiment Station, United States Bureau of Mines Salt Loke entratior } 
City liur nhate wit ture At 
Discussion on this paper, TP 3867BD, moy be sent, 2 copies, antratins 

AIME by Mar 955 Monuscript, Feb. 11, 1954. New York Meet — , 
at he nr ryt rye ed mn cor 


ing, February 1954 
Papers by authors on the 


to copyright 
An abstroct of this paper will appear in MINING ENGINEERING a 
made ir 12x] pen-t equipped 


Bureau of Mines Staff are not subject 
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Electrolysis in Permselective Diaphragm Cells 
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esistance f the membranes It seen likely that 
better results be obtained Dy usl! a thinner 
membrane of I tance even though 
permselectivity would be icrihced 
Exploratory test were i! a tw compart 
ment permselective diaphragm ce f ect pre 
cipitation in the cathode compartment mal I ‘ 
fron anolyte-ieact solutpor while electroly 
diun Ishate in the amr ta ‘ 
for the eaching te}; Ar nion-pe eable 
membrane was used 1 eparate the mpartment : 
+} trane{ ‘ Inhat the 
allow the Lit ‘ 
atholyte t the ar yte t for! cd Sine the t 
hwd n concent tion in the +) 
ment wa mw ‘ tatior mat 
A ribed in a iatel rey rt va i 
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Equilibrium between Titanium in Liquid Iron 


And Titanium Oxides 


anium alloys up to 50 pct Ti were meas 
d by using 


The amounts of oxygen in liquid iron-tit 
The 


ured and the oxide phases in equilibrium with these alloys were determine 
TiO. crucibles. A minimum of about 0.003 pct O occurs at less than | pct Ti 
various liquid and solid oxide phases can be arranged on a ternary isotherm 


Experimental 


Wit 
‘ 
W 
4 ‘ t 
‘ Raw Materials 
P ‘ 
{ ised 
i 
f 
pet 7 
ck i 
We 
R HADLEY, formerly Groducte Fellow, Dept. of Metallurgice 
Engineering, Carnegie Institut Techn gy. is now Engineering 
Monager Metallurgy and Ceramics, Major Applian Div aboro 
tory. General Electr C Lourssville, ond G DERGE. Member AIME 
s Jones & Loughlin Professor of Metallurgical Engineering, Carnegu 
Institute of Technology, Pittsburgh 
Discussion on this poper, TP 3827C, moy be sent 2 copies, t 
' or 1. 1955 esta or 9. 1954. Chicag ectin 
by 955. Manuscript, Ag 954. Chicago Meeting Fig Percentage of oxygen in metal vs titonium im metal, 
ebrucry 55 siculoted by Chipmen’ for various deoxidotion products 
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j irface when the titanium con- irregular lapped appearance The thinness of the 
te iM et ind 5 pct film was believed to be esponsible for the absence 
} tar i me g edure, in ch indi- f the effect at high titaniu tent 
\ ‘ ent ‘ ec! ed without prelimina Despite precaut t \ 1 oxidation Dy retra 
the t tices. No difference the amount of a few ter e percent o é 
eithe ‘ ‘ ‘ eactio! nm most f the heat The ‘ ntent thy 
Lice lire a ing pe 1 to charge exceeded Ut! i tr 
tre T Dit I 11105 in alll neilt cont ir ) 
t tital if La n titaniul c De i 
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x250 Fig. 5—Heot 110, 16.08 pct tch 500 


15 pet for reprodu 


Fig. 3—Heot 91, 0.27 pct Ti. Unetched x Area te 
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Fig 6 Incly 
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29.76 pet Ti 
X100 Area re 
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motely 20 pct for 
reproduction 


Fig. 4—Heot 83, 4.06 pct Ti. Unetched. X250 Area reduced appros 
motely 25 pct ¢ f reproduction ‘ 
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Sulphur Pressure Measurements of Molybdenum Sesquisulphide 


in Equilibrium with Molybdenum 


it has been established that molybdenum sesquisulphide, not molybdenite, is in equi 
librium with molybdenum metal and sulphur vapor in the vicinity of 1100 C. The S$ 
pressure for this system has been obtained using the Knudsen orifice method and the 
standard free energy for the dissociation of S 
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1955 IMD Fall Meeting Sets Attendance Record 


One of the highlights of the IMD program was the Third Annuc ymMposium on 
Titanium. The pone! consisted of, left to mght Luther A Best, Loring R. Frozeer 
Fronk H. Vondenburgh, J. Bort Sutton, Ralph J Kotfilo, T W. Lippert. and ¢ 
chairmen L. D. Jaffe aad Wolter A Deon 
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» of the Nuclear Metal 


howr left to right 


" Foote. John H. Frye. Jr 
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NOHC Southern Ohio Section Holds Successful Meeting 


m : Board of the Netional Open Hearth Steel Committee met in 
6 75 Plans for thei 1955 nterence to be 
hia for the first time were reported. A plant trip thr ugh the 

Works of 7 Corp. is included in the program 


+= 
the Southern Ohio Section, NOHC, was held in the ballroom of the 
F mon ond R W. Lewry is Secretary. Treasurer of the section 
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Connecticut Section 
Holds Students’ Night 
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Metallographic Study of Equilibrium Relationships 
In 3S Aluminum Alloy 


Aluminum alloy 3S was examined to determine the relationship between the applicable 
phase diagram and the microstructures produced under conditions tending toward non 
equilibrium as well as equilibrium. The only phases present in the alloy were aluminum 
Mn,Fe)Al,, «Al(Mn,Fe)Si, and silicon. It was found that the alloy behaved essentially as 
though it belonged to the Al-Mn-Si system. The effects of various solidification rates and 
of various homogenization treatments were studied. Particular attention was given to o 
nonuniform precipitate distribution which reflected the solute distribution in the cast 
aluminum solid solution. Some possible explanations for the solute distribution based on 
characteristics of the Al-Mn-Si or Al-Mn systems were discussed 
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Influence of Additives in the Production of High Coercivity 
Ultra-Fine lron Powder 


The effects of several additives upon the reduction characteristics of hydrogen-reduced 
ferrous formate are described. The various additives inhibit sintering of the reduced iron 
particles by apporently different mechanisms. The magnetic properties of the low density 
compacts produced from the resulting ultra-fine iron powders were improved markedly. 


TEWART.§ tormerly Gro 


high 
+ Section du Pont 
NARD snd Les 


Professor of Metal 


a on this paper TP 
Mar 1955 Menwser 
vember 1954 


duote Resear 


bh Assistant, Dept of 


oe sted with the Titeniom 


de Nemours 


Membe 


ergy. retpe 


YURNAL OF METALS JANUARY 195 


ac. Newport. Del 


rs AIME ore Assistont 


tively, Lehigh Univer 


be sent. 


pres, fo 
1954 Chicoge Meet 


re r nee a Nopeima!l 
tior A ing the 
what with th effect 
+) f additive 
4 te +} 
4 tr ayanar veda 
if iit fine 
he ger eduction 
e of magnesium and fer- 
nf tins ‘ 
j +} P ed 
‘ 
+} ed 
i 
he 
ert 
‘ 
‘ ‘ 
tre ‘ 
} biective 1 the 
arith 
‘ +) 
Experimental Procedure 
Die educt 
Vast i¢ tr 
" ‘ 
i iturated 
‘ ved ia 
nd the f ‘ 
re 
rhe I 
4x10 mic 
‘ ‘ 
ed t Ul ere reduced f 2 
ry nad mag- 
T ‘ ‘ ivy im 
by +t} eactior f dilute 
? tr pect ‘ irt nate while 
i i x 
he eta ‘ iditives 
‘ ‘ 
rye ‘ 4 Varv- 
’ iy ry 
- 
with he att he dec 
‘ m- 
T +} 
' ble I. Du e differing 
‘ formate n media 


TRANSACTIONS AIME 


, 
don mn wu eauct 
lu 
tizat ge inpublished 

ted will ft 
+} 

t 
this 
‘ ‘ 
ta 
of 
ph 
‘ 
tis 
tam of fe 

mension. 

e, ae 

ts has led t 

‘ we 
Mete 
Protess mounts 
Dis may natior f th 

7 


TRANSACTIONS AIME 


Table |. Designation of Coprecipitated Formates and Their 
Approximate Chemical Composition 


Designation Com pesitien 


I ll. M10F pet unit « ed 

L 2 t ec 

Lot lll. M0O4F 45 ed n 

6F 5 t ed ir 

4F t ed 

Lot C2.5 F 255 tc or 
S5F snit ex 


actual Composition may vary widely from the nom- 
nal. However, the compositions given in Table I 


were verified either Dy spectrographic means oO! 


juantitative chemical! analysis and found to be accu- 
ate to within pet 
In order to evaluate the effect of mixtures of 


metallic oxides and ferrous formate and to correlate 


the effect of these mi *s with the effect of co- 
ecipitated material of the same composition, vary- 
g amounts of cadmium oxide and stannous oxide 
were mixed with ferrous formate on rolls under an 
argon atmosphere The lesignations of these mate- 


ials and their approximate chemical compositions 


Powder Reductior The mixed or coprecipitated 


reduced 


Determination of Ultra-Fine Powder Propert e 


The reduced powder, while wet with benzene, was 
mpacted at 60 tsi into bars approximately 
»x0.3x0 cr n aimer r These ba were stored 

inder benzene until thelr magnetic properties were 

measured on a Sanford-Bennett-type high H pe: 
meamete at a field strength of 4000 oersted 

Since data by Franklin” and Ananthanarayanar 
indicate excellent correlatior between electron 
microscopy, X-ray line broadening, and nitroger 
adsorption methods in the determination of particle 
size, the method of X-ray line broadening was 
chosen f easons of convenience in this work 

Lastly, the metal iron content, as measured by 

the hydrogen ev ition method, was chosen as a 

paramete for the letermination of the degree of 

eductior f the material under a given set of cond 
tions of formate composition and reduction tempera- 
Experimental Results and Analysis of Dota 
The magnetic properties, intrinsic coercive force 


(B-H), and remanence 
B.), the X-ray particle size (A), and the metallic 


ron content are plotted against the reduction tem- 


Table ||. Designation of Mixed Lot I!!, Ferrous Formote and Metollic 
Oxides and Their Chemical Composition 


Designation Com pesition 


¢ ¢ Ca pe ained the formate 

Ss S Sn pe anit tained the f te 

$2 tained r the f ate 

t $02 2 Sn pe ained ir the f ate 
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perature in °F for formates of given compositions in 
Figs. 1 through 1: 

Reduction of Ferrous Formate: The properties of 
ultra-fine iron produced from lot III ferrous formate 
without an additive material are shown as dashed 
curves on each figure for 


comparison purposes 


(Figs. 1 through 12). Maximum intrinsic coercive 
force obtained from the lot III ferrous formate oc- 
curs at a reduction temperature of 475°F (Fig. 1) 
a metallic iron content of 65 pet as predicted by 


Lihl” (Fig. 4), and a particle size of 290A (Fig. 3) 
Above 500 


TT rr TY) 
the lot III ferrous formate is almost 


completely reduced, possessing an extremely low 
intrinsic coercive force, together with high metal- 
lic iron content of 93 to 95 pct. In this temperature 
range, the saturation induction and remanence 
values (Fig 2) increase quite rapidly with increas 
ing temperature until at 800°F the reduced iron 
powder POSSeSS¢ essentially oft magnetic charac- 


teristics 


The maximum energy product (BxH) obtained 


from lot HI ferrous formate was 0.3x10° gauss-oe1 
steds and occurred in powders reduced at 500°F for 
120 min, showing a metallic iron content of 85 pct 
and a compact density of 4.3 g per cu cn 

Influence of Magnesium Formate Additions: In 
creasing percentage additions of magnesiu formate 
result in a gradual increase in the temperature at 
which maximu! H obtained (475° to 575 F) 
and a 50 pct increase n .H. (330 t 904 oersteds) 
The reduction characteristi t Ill ferrou for 
mate are so altered that the ultra-fine iron powde! 
retains its permanent magnet characte tics ove! 
the entire reduction ter iperatu e range tudied (Fis 
1). Conversely aturation induction and remanence 
Value exhibit a marked decrease f tre 
Nal Values as the percentage additio! magne 
formats nereased (Fig. 2) rt behav ay 
peal i ciated with the influ ‘ f the magne 

im formate addition upon particle size 
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Fig. |—Vorietion of intrinsic coercive force with temperature 
of reduction for compected powders produced from fot Ii! 
ferrous formote plus magnesium formote 
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the formate 
the formate 
he formate 
© formate 
© tor ate 
the formate 
the formate 
are 
formate powders were HE in :0 g lots in a 
tream of dry purified hydrogen, flowing at the rate 
of 20 cu cm per sec. The reduction equipment used 
was that of Ananthanarayanan consisting of a 
small resistance wound furnace accurate to 5 °F 
and a quartz tube into which the formate powder! 
was inserted in a stainless steel] boat. After reduc- 
tion, the ultra-fine iron powder, which is pyrophori 
was placed under a Kjeldahl joint in the quartz tube 
and covered with benzene to protect the material 
fron try xVger 
\ 
\ | 
| 
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liicating Mat greats magne- 
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entusatios Juction and remonen with “TION TEMPERATURE °F 
juction mpacted powd Fig. 4—Veariation of metallic iron content with temperature of 
ws formate magnesium formot reduction for powders pr duced from lot ferrous formate 
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2 
; 
at : 400 COO 700 B00 
ne 
4 
hig, 


1um oxide formed upon decomposition of the mag- 
nesium formate, together with an inhibiting action 
i that oxide upon the normal course of the reduc- 
tion reaction (Fig. 4). This inhibiting action, prob- 
ably caused by an interference with the diffusion of 


le reaction products from the partially reduced 
n particles, would explain the marked decreas¢ 


bserved in the saturation induction and remanence 


energy product (BxH),.,. obtained 


from lot HI ferrous formate plus magnesium format 


was 0.75x10° gauss-oersteds, an improvement of 150 


pct over the original lot II, and occurred in lot III 
M2F powders containing approximately 3.2 pct 
MgO which were reduced at 600°F for 120 min with 
a metallic iron content of 84 pct and a density of 
4.4 2 per cu cn 
Influence of Cadmium Formate or Oxide Add 
n ncreasing percentage additions of cadmiun 


formate do not result in a shift in the temperature 


at which maximum .H, is obtained, but esult 
n a broadened temperature range for maximu! 
H 475 to 600°F) and a 45 pct increase n H 
(330 to 480 o« teds), Fig » Saturatior nductio! 
ind emanence vaiues in the ower temperature 
ange (450° to 600 F) undergo a considerabie at 
re ‘ with increasing admium content, ait! igt 
the values obtained between 500° to 600° F remain 
pI ximately constant, Fig. ¢ The sharp de ise 
H., together with an equally steep increase u 
aturation induction and remanence values at re- 
iction temperature above 600°F, result from a 
y atior f the effect f the sdmiur sdditive 
jue t ts increase In vapor pre ire and subse ent 
al ey ition at ve melting 1 nt £00 F 
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Fig. 6—Variation of saturation induction and remanence with 
temperoture of reduction for compacted powders produced 
trom lot III, ferrous formete plus cadmium formate of cadmium 
onde 
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Increasing cadmium formate additions effectively 
nhibit growth of the reduced iron pa ticles to 600°F 


However, above 600°F the particle size increases 
yulte rapidly for all compositions and approaches a 
value of 1800A as the cadmium is volatilized 


(Fig. 7) 


The observed increase in .H. and decrease in satu- 


ration induction and remanence values would appeal 

ilt f rY 4 Gecreasead particie size obtained by 
i prevention of the ntering of the reduced iron 
wowder and, at the same time, an inhibition of the 


iormal course of reduction (Fig. 8). The mechanism 


| ed to ex] n the plateau effect in magnet 
perties occu g between 500° to 600°F is one 
associated with the ate of reduction of the cad- 
im f ate, the appearance of metallic cadmiun 
it x itely 00°F nad the ate tit subse 
yuent \ tion. TI Vapor appea to act a5 an 
nsulat blanket which effective halts particle 
owth and retard eduction at a@ given point as 
ne ess 
That tt plateau effect absent in the cadmium 
xide-fe is formate mixture, lot II] C 6 (0), may 
‘ ttributed 1 the more ready reduction of cad 
il Kidde vhich would lead to the appearance 
ind volat tio! f the metallic cadmium early in 
the edauct Howeve t mav be argued that the 
‘ t it the plateau related to the distribution 
ene juct (BxH),... obtained 
t Ill fe is formate plus cadmium formate 
‘ 0.82x10 ‘ ted i mf vernent of 160 
ct ove the gir t Ill nd occurred in lot II! 
4 wade containing apy} ximately 2 pet Cd 
hich were educed at 500° F for 120 min with a 
‘ ent of ¢ pet and a density of 4.3 ¢g 
‘ ‘ tant j wide 
rmces 
TO 
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Fig. 7—Veriation of particle size with temperature of reduc 
tion for powders produced from lot Ill, ferrous formate plus 


cadmium formote or codmum oxide 
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, ward swcement of e ¢ H luction and remanence values approach a maximum 
‘ ximately 600°F and then remain relatively 
nt or decrease lightly with increasing reduc- 
mn temperature (Fig. 10) 
. As before, the particle size for a given reduction 
‘ lecreases with increasing tin content 
mtil the irve remains virtually horizontal. Even 
] ‘ mall a ints of tin exhibit a marked effect 
the diameter of the ultra-fine iron particles 
| (Fig ) 
2 | The upward displacement of the .H. curve would 
appear to be my a result of a smaller particle 
| e for a given reduction temperature. The sudden 
ecreast H. at approximately 500°F may be 
ited t {fa ida tin Da ler at 
t te erat hich would be expected to coat 
1 educed particies This barrier 
t te é ‘ th nite g and diffusion 
int acK f further ncrease n 
1¢ e€ f reduction observed above 600°F (Fig 
hic turn accounts for the approximately 
aed i nduction and remanence values 
k t tion observed above that tem- 
i? i 
4 rm ‘ ected Value btained by the 
" i the t as the xide, lot HI S 5(0), and 
the precipitated formate, lot III S5F, were in 
. 2 | ellent agreement, but are displaced toward the 
‘ TH j tne case the oxide due to 
| 
bility in hydroger 
j juct (BxH) obtained 
i I ‘ j a plus tin formate was 
ed t III SSF powder with ap- 
: é t ed Sn, reduced at 550°F 
Varnation mete ron ntent with temperature 
» powders produ i trom t ill. terrows formate 
mum format imium 
| 
| 
w 400} 4 I 
| L 


4 
RE TION Me °F 
Fig 9—Varetion of ercive force with temperoture 
of reduction for compacted powders produced from e til 


ferrous formete plus tin formate of stannous oxide 
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Fig. 10—Variction of saturation induction and remanence 
with temperoture of reduction for compocted powders pro 
duced trom lot Il!, terrows formote plus tin formote or ston 
nous onde 
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REDUCTION TEMPERATURE °F 


Fig 
tion tor powders produced trom lot II! 
tin formate or stonnous oxide 


fe 120 mn with a metallic iror ntent of 09 pe 
and a der t + g pe cu cM 
Conclusions 
A significant improvement in the ‘ at 
et f ult -fine le bt 
from hydrogen-reduced fe is f ate has beer 
iuced the addit I Va i 
pound to reduction. The tant f 
ngs ¢ u nvestigation may b« i ed t efly 
as follow 
ir formate cada rT te 
ffect wb ch } ft. I 1etal r cr 
genera ndicate a retardati botl m the et 
ntering and the legres { educt ? f the ult 
fine pow prod icea t ve educt 
tem pe ature 
2 The effect f these additive ipon the magnet 
propertie f the pact are ct 
that the er y fuct BxH) f these con 
pact I easea approx ate! pct vie that 
btained f tre nal fe I mate inde 
comparable reduc ind testing condition 
5 Fine I anent agnet Dp ng 
rey } luct f 0.82x10° gauss-oersteds, coupled 
h densitic¢ f4 g per cu cm, have been pre 
ed 
It appear actical to cont effectively bot 
particik e and etailic ntent of ultra- 
ron powde i is€ f the correct amount of a 
given additive to tt fer is formate t t 
eduction 
5—The use of additives facilitate the production 
of fine iron powder with critical partick te by 
broader ing the range f ter perature I ICccet ful 


reduction 
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Resistance Sintering Under Pressure 


Resistance sintering under pressure is a method of hot pressing in which a powder 
ompact is subjected to pressure and simultaneously heated by passing a low voltage 
high amperage current through it. Equipment for this process is described. Its basic 
haracteristics such as resistance requirements for powders and compacts, temperature 
distribution in compacts, and gas reactions during resistance sintering are discussed. Ex 
amples of the sintering process in compacts made of a single metal or an alloy powder 
snd in compacts made of mixtures of powders are presented. Potential commercial appli- 
cations of the process are evaluated 


ew na é i ow dae Git 
‘ +} 
riea ger ‘ 
, ‘ i ted it m the die 4 
1 nting enct 
il inde pre 
‘ ; t ‘ ed e be ed Ir 1$3 G. F 
‘ it iratu which Cor ted ar 
‘ be essed. and ingt above 
e was then applied. The apparatus v 
pre ‘ ented a 
‘ Alt? the ‘ f re tance sintering 
‘ n t? atent ew 
vt te ated t the 
it ‘ witct ment ed } 
ent ler are ‘ t L A 
ich a at rhe a some- 
‘ r ‘ ‘ ea tf ig?t ‘ ure 
J re ‘ elect a t- 
‘ inde essure and posed using 
ta apparatu I th purty Ir 4 
44 G. D. Cre 1es¢ bed a 
i of elect Ince ntering under pres- 
f ng re tance weldir apparatus which was 
FV LENEL, Member AIME. is Professor of Metallurgical En to be applied mostly to nonferrous meta ch a 
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Discussion of this paper, TP may be sent. 2 copies. to tis 400 an ner 
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3 
ay 
: ‘ 
‘ t gnificant difference between this peratio! 
Af xy 
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<trically conducting die which was to be insu- 


lated from the metal powder by coating it with a 


some 


mixture of aluminum flakes and stearic acid oO! 


ther insulating flake coating. W. F. Ross’ received 
a patent in 1945 in which the method of resistance 
sintering under pressure was modified by introduc- 
ing a gradually increasing pressure and varying cur- 
rent 

Resistance sintering under pressure was studied 
ntensively at Rensselaer Polytechnic Institute dur- 


ing the past few years on the basis of several Navy 


research contracts. In these studies, it was att mpted 


understanding of the basic characteristics 
rocess and to learn in wha espect re stance 
under pressure differs from other powat 
y processes. At the same time the ap} 
resistance ntering to a numbe f differ- 
a wa investigated, such a nickel and 
metals, molybdenun 1 some 
thei loys. cemen Fig. 1—Photograph of resistance sintering machine 
Tt pape MA De mited t 3 discu n of the 
equipment ed and of certain ba characte tic essed in cycle f 60 cycle current, each cycle 
f the proce Specific applicatior 4 be used esponding t OV set 
am ‘ The amount of current flowing during each pulse 
mi as exampies ile nese ft iracté + 
tices. but w not be discussed in detail a ich I i De t ea ¢t phase hiftin of thryatror 
a final secti potential applicatior of the rote Lu be expre eda a percentage full-phase 
process are treated curre! The voltage applied during each pulse car 
be set by } per connection of the ignitron tube 
Equipment with w tay f the autotransformer, which make 
Machine tance te ‘ t hl thie nominal voltage each 
i ted to the techr Va t ft thy trey ‘ he Per the hody the 
Prec or ily Machine Co. a i n F hing Because f the chang - ‘ tance f the 
] It cor ts essentia {tw pre ‘ ' act ! tering, the < ent during the 
ne above and one below the work t hich t nterit es generally will vary considerat 1 
ae tt nea Eact elect ‘ rote and the total 
ea se} ate na inaepe lent The pre each these ample tr, he the 
ed each electrode ‘ ea c? ‘ nece that the etting 
ate of head trave bie up t te n re tance in all the 
ate Pre ire and ate f head trave : id , m the series he the me 
isted that n act etirne int tant heat 
P essure above ertalr NT +} P that the ent 
ipon the material to be ere i the othe dame 4) bnast tering pulse, pre 
pertie« the mpact i 11st rhe Tw j ‘ ne } 
nent the te } te ‘ a} n be put taker 
The elect ic the ent of +) f the nerat cat 
whict ed t 1 we trar er the ht of 1 
the w kK The weld transf ‘ n tu cor Ww) +} egulat e used. the irrent 
le the hod f the machine The autot f ‘ ‘ +} 
i} ed wit ent nitude ead i! Fist 
motor-generat et immete nnected to the 
Tw (rf ect tr it the rrié ma the current 
af nt the tering equence and et that t? irrent passed 
nterir ent. One of the pane een in the the iwh the ample to be 
ind. the ther ane ere te I ed and the cu! 
the ret one. The sequence t er permits the f amt tine p , tien of the total heat 
at timur f the following sequence ! t 7 tained | means of an ampere 
ectroae 2 apy t te whict ‘ the duct of 
ent. 4—maintain pre ire with r irrent fi the time t t nte ted square of the current 
eco! ‘ ‘ irrent 6 maint ire ed +) ole 
with no current flow, and 7—open electrodes. The A visual record of the current passing through the 
urrent witched nm anda ff f eact the tw thie ntering pul © 
irrent 1 ‘ by tw et f ignit n tube The provided wh direct-inking magnetic o cillo- 
ntering time and the interval during which 1 graph connected to the primary of the transformer 
irrent flows, usually called “chill time e @x Deter t the total heat input during re 
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An essential auxiliary apparatus for resistance 

ntering therefore is a device for measuring the 

PLUNGER m-temperature resistance of powders, green com- 

ALSIMAG LINER pact r presintered compacts. Such a device is 

WAFER SAMPLE hown in Fig. 3. It consists of a small laboratory 
pre a de current source, 2 electrodes, an ammeter 


und a millivoltmeter. Green or presintered compac 


n be inserted directly between the electrodes 


die during the test. In comparing dirterent lots of a 


] Loose powders are confined within a nonconducting 
4 
4 


ary to determune reéila- 


riven powder, it is only necess:z 


LE tive values for the resistance of the powder or com- 
t given pressure, which was chosen at 


pac inder a 
1.000 psi 


900 psi for green compacts and | psi tor | 
CLAMPING SCREW powder 
The resistance of powder compacts depends upon 
the bulk resistivity of the material from which it 
made and the contact resistances between individual 
Fig 2—Schemotic sketch of resistance sintering die assembly particles. The former cannot be changed, but the 
atte iften can be manipulated. The pressure witt 
easuring the which the green compacts are pressed will affect the 
ent contact area and therefore the contact resistance be- 
‘ ficult tween the particles. Particle size and particle-siz 
the tua tance listribution will have its effect upon contact resist- 
ances. Even more important are surface films on 
f tl et i é many powder particles which iy greatl ncreast 
F The die ly made the ntact resistance. Particularly in powders whict 
g of the e difficult to deform plastically, it is important 
1 t t move, if possible, these surface films before at- 
A ‘ npt ng t tance nte tne pow ae j le 
made [a ‘ ire Many meta powdse theref ire iD- 
ame 4 ected to a reducing treatment in hydrogen befors 
e cases th eing compacted. Such a treatment has been found 
illed waf ery satisfactory for iron, molybdenum, cobalt, nick- 
lenu ‘ hromiur alniess ste¢ ind other powde 
to be te rhe ich treatment possible in the case of met ict 
tivit higt titaniun onium, nor of electrically conduct- 
N eta wide suct i the cart nit 
nm the « and of the transition element 
nifficultie were encountered with certalr the 
‘ : i eramic powde which had high resistance in pow- 
forn ven though the compound n compact 
+) the have es tivity es ty ver fing 
cor DO! and molvbder im di ilicide A 
Wit it the le with part ‘ ze fa few mi pparentiy 
iT ¢ n the preparatior these powde Ss, a certain an t 
‘ f oxidation take we » that face filn f higt 
fy 1 AM } elect al re tance are formed which make it im- 
ta ble to resistance nter tne owde ve thoug? 
be at ct rts | nvent ] 
, P er { hot pressing. When mixture f ceran nd meta 
ked up, f 
‘ Ir the 
, appea 
tt ‘ n oat- Fig. 3—Appore 
t work w tus for measuring 


ders 


Resistance of Powder and Compacts 


resistance 

tly att et 

ed. t the oose 

ca ever ¢ fered ret 
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| 
LOW INITIAL RESISTANCE 
T 
ONE PULSE TWO PULSES 


Fig. 4—Brush oscillograph current traces for one and two 
pulse resistance sintering. Bottom two troces are for high 
resistonce 


ire to be sintered in which the ce! constituent 

in insulator, the percentage of the metal constitu- 
ent } to be high enoug! that a continuous path 
for the electric current through the compact t ) 
vided 

Compacts whose re ance in the direction of cu 

ent pa age or the ler of ohm hie 

1 re tivit f 0 ohm-cm for the mate al 
in a ee in. hig? ls in. dian powder compact) w not 

Dass ifficient cu ent I ntering. If the tance 

mew hat wer acown to a range of 0.01 ohn 
ntering will still be atistactory because the cur- 
rent will not pa iniformly tl igh the cro ectior 
if the compact. A ve mall current will pass first 
thre igt the th enst re tance the comy act 

Tt path will be heated ifficiently to cause a break 
iown of resistance More current will ther flow 
through the path of breakdown whicl oor eat 
verheated and expe i, while the rest of the t 
pact thr igh which hardly anv current pass¢ ta 
elatively cold 

Compacts whose nit re tance nm the ‘ 
of seve milliohn often w exhibit r r 
and rapid changs tance uring mte 
The nterir f these mpacts can be cont ed 
better by usir tw ntering pulse ather thar _ 

and current fe the f t pulse ire 
isted that the . tance of the mpact break 
lowr and the time n ist be ist T eT nt 
complish th purpose without erheating the cor 
pact. The econd pulse dos the actu ts ’ 

The advant es of two pulss nte ng in con ‘ 
nNaving a elatiy r nit tance j 
trated in Fig. 4. This figu hows the current trace 
f the B hr net go th 
tering of thres mpact The w initia . ‘ 
ince of the first compact or one fifth a ea 
the high init ‘ tance of the econd and t} | 
which had about the san tance. All thre: 
pact were ntered j the ent ‘ 

ngle pulse f 20 ‘ the current was « eT 
tially constant after the f ‘ evel n other w i 
the cu ent regulat effect ely compensated f tre 
hange n re tance during nterin When the 
econd compact wa ntered with a single pulse, the 
change n re tance were so large and : 1 that 
the irrent @gulato inable thes« 
changes. Hunting occurred and the irrent did not 
become constant until 14 cycle had passed. Ir 
ter ne we got es fares eat A tw of 
6 and 12 cycles and a 10 le interval in betweer 
the rrent contre ] va OT der at y m re it = 
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factory, as the current was essentially constant dur- 
the entire Sintering with two 
pulses has also been found very advantageous when 
no current regulators were used. The setting of the 
phase-shifting controls for of the pulses, and 
if desired also, the voltage setting for each of the 
pulses must be so adjusted that the desired resist- 


ing second pulse 


each 


ance breakdown occury during the first pulse and 
the actual sintering during the second pulse. Thes« 
adjustments as well as the adjustment of the num 
ber of cycles for each pulse and the interval betwee: 


pulses are generally made by trial and errot 


Temperature and Temperature Distribution 


Because the sintering t during resistance n- 
tering inder pre sure are of the order of a fraction 
f a second, the conventional method of measuring 
the ten perature and te mperature distribution in the 

mpacts, such as thermocouples or optical pyro- 
meters, cannot be used. Whether a compact 1s salis- 
factorily sintered or not is generally determined by 
measuring its density and other physical and mech 
nical properties and by observing its microstruc 
ture. In certain cas¢ the microstructure may give 
i direct clue to the temperature reached during 
ntering. If, for instance, two metals such as nickel 
ind chromium which form a eutectic are mixed and 
intered and if the eutectic structure can be ob- 


served in the microstructure, the temperature must 


have been at least as high as the eutectic tempera 
ture. Where it is de red to have exact knowledge of 
the temperature distribytion within a compact, small 
metal wires of suitable melting point may be placed 
n the compact. After sintering, the compact is ex 
amined to see whether the wires have melted or not 
By using a number of wires with different melting 
points and placing them at a numbs if different 
position n the compact, a satisfactory picture of 
temperature distribution can be obtained, althoug? 
the method certainly labs 

Fig. 5 shows the temperature distribution in a sir 
tered iron compact determined in tl manner. The 
maximun temperature n tr mpact the 
cente ang a temperature gradient i from the 
center to the outside of the compact. The tempera 
ture at comr t-wale ntertf ila extent 
a functior t the ze of the wafe ind the elect a 
nd thern ‘ tivity of the mate i f which it 
made. The lower temperature at the mpact re 
nterface to be expected nce th ‘ nat 
heated | the current and therefore conducts heat 
aw 4, long as the propertie at tre mi 
f the ntered mpact e not imy red. th we 
temperature able t kee thy 
act from reacting with the ‘ mate 

ntering temperature. Ir ritica ‘ t 

ryle nea my ete ryote ed 
from the outside of the compact 

In metal and alloy powde ompacts, part 
when thei: engt!? not muc!? ir ge tha the 
meter t ind that the compact ‘ 
fact fron the pe nt ew of der ‘ 


Fig) 5— Tempero 


m sintered iron 
iron, 15 ke, 20 or, 

cycles 1 
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Table Comporison of Properties of Resistance Sintered 
aventionally Sentered, ond Arc Cost Titonwm 
Re 
Tensile Elenge dection 
Strength, tien, im Ares 
Raw Materia Treatment re Pet ret 
ai 2 
- 
ay Ae ad i 
a 
1 
~ 
Fig 6 —Hardness distribution om resistance sentered titanium 
carbide cermet mooct RA herdness readings 
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acts or not was evaluated by determi 

é listribution throughout the compact. For this 
ye. the compacts were ground flat on eith 
ind na me traverses were un across the 

liamete Then additional grinding cuts were take! 

ina A t av were run The re sult tre st 


itanium carbide cermet compacts 1s 


It will be seen that near the su! face there are stil 
nerous soft spots which co! nd to porous Oo! 
nsufficiently sintered areas, but that further inside 


ne hardness was qul 
ne tude as for conve sintered 
my iis same composit therm 
hock resistance and the oxidatior e of the 
Le ompacts were also equal to that of conven- 
tionally sintered material. In order to make strer tr 
test ectangular compacts %x‘sx!1 in. were resist- 
il ntered. These compacts however were I ta 
i ror m naraness a the cylindrical c ct 
here! e it not surprising hat the also were not 
suivalent in modulus of rupture 
Gas Reactions During Resistance Sintering 
Ov f the most strikine or equences of the very 
nts ng time the pos bility 
nt wit! it atmos{ re protect or tail 
eact liiv with gase This istrated t 
<periment tance ntering titanium and 
rconium metal powders, both of whict act ve 
elevated temperaturs with hvdrogs 
t mma ge! The vent na rite 
pressed titanium and zirconium meta w ce 
n t ned therefore in high vacuun 
tance nt experiment nt m were 
e. The powder wa btained from the United 
, ' f Mines and had beer epared | 
‘ neé f the eact pre iuct Detwee! tit 
tet t le and magne m metal. The tita- 
| ge es had been prepared by E. ! i 
nt ‘ Ner nd the Nat na Lead Co t 
Acation ti vacuum distillatior thie 
uon pro t between titanium tetrachloride and 
ignme im meta 
4 typical treatment f both sponge and powde 
t ompacts of 4.50 to 4.54 per 
pct f theoretica vas as ws 
he wd nge wa i-pressed at 35 ts: int 
‘ mpacts weighing 7 g each. Three of these 
pre ire betwee 7 wna «10 l ka 
ent nad nt equence iv \ ‘ 
10 « ‘ evcles on u the cu nt 
‘ ntered mpacts wert lian nd 
<imate it ng. For determining the 
te nerties. the compacts were machined int 
ibsize specimens with a gage length of *4 in. and a 
e diamets f 0.160 in. The 1 ertie f speci- 
even when they were ‘ stance n¢ ed ry 
the ‘ t of titanium powde r sponge exhibited 
I wide va ation. Some typica ten- 
e test mpared with those or mnventionally 
ntere na r re-cast titaniuln n Table I. It w ] 
een that the resistance sintered Bureau of Mine 
owde mpact were much le juctile than the 
star ntered sponge titanium compacts. These 
itter compact were as ductile although not quits 
as t ne : ommert al arc-cast titar im I T 
ventiona sintered, cold rolled nealed Bu- 
reau of Mines powder « t ce n in 
purity ntent of the raw materials, the sponge being 
irer than the powder, may have contributed to the 
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Fig. 7—Inclusion in resistance sintered com Fig. 8—Resistance sintered compact from Bu Fig. 9—Resistance sintered compact from 
poct from Stellite 30 alloy powder. X500. reauw of Mines titanium powder. X200. Area du Pont titanium sponge. X250 Area reduced 
Area reduced approximately 35 pct for re reduced approximately 35 pct for reproduc approximotely 35 pct for reproduction 


production tron 
lifference in ductility between the resistance sin- 
te i sponge and powder compacts. The principal 
reason for the ductility difference and also for the 
ariation from Iiot to lot however, the difference ir 
the amount of impurities picked up from adsorbed 
cluded gase juring resistance sintering. More 
f the gas i ntained in compacts made fron 
pow ae which ‘ elatively high specific sur- 
face tt n compacts from sponge with a low spe 
cific face 
Tt explanat was confirmed by experiment 
! tance ntering zirconium metal powdas 
Tt zirconium powde ised wa btaine fron 
Sylvania Electric Products Inc. and had been pre 
pared by converting zirconium “crystal ¢ 
‘ niun the thermal dec mpo sty n 
dide) into zirconium hydride and decom; ng th 
hydride int rconium metal powder. Tt powde 
had not come int ontact with air, but was shipp« 
inde gon. From this powder, compac were pre 
pared by cold mpacting i followed by re { 
ince tering m the ne hand and th 
other hand, by cold compacting in a dry | n at 
i. here of argon without letting the powde ‘ 
ntact wit? int ist bets e the 
pact w esistanct ntered, and then resistance 
The qa compacting and re stance nterir 
vere thnerw lentica 0 mpit 
powder were | mpacted int lian 
| pecimer inder a ‘ ire f t ind re 
t é ntered with pre ire f t ll ka 
irrent, and ntering sequence ¢ cle 
al using the current regulat 
The f the compat va tested } na 
them int ctangular ba with a % ir juare 
ect then hbetweer flat 
educt and 2 pet pe pa ina 
vhat percentage f reduction in thickne the f 
is ppeared. The result n Table II e cor 
ired with those of Hausner ! rconium hydride 
ntered nium. It ob is that the 
1 wry ed ir much les juctile than the 
pressed it n. Evidentl the air ad be 
na oct led during old pre ne eacted with the 
metal during re tance nteri1 causit t to be 
me t ttle. If air was excluded during mpact f 
the compacts could be ld rolled 30 to 40 pet before 
‘ ackir nivy slightly than 
Hausner's compact 
The absence fa protective itmo phe ‘ ‘ 
ticularly educing atmosphere, in resistance 
ntering under pre ire mear yf course, that ar 
present nm the mpact w ] not he 
nd thus v be present in the ntered ¢ + Th 
na ates again °r w necessary it is to treat careful 
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before resistance sintering those metal powders 
whose oxides can be reduced. Fig. 7 clearly demon- 
strates this point. It shows oxide inclusions in a 


specimen sintered from an alloy powder having the 


composition of alloy 422-19, Stellite 30 uch con 
tains nominally 25 pct Cr, 16 pct Ni, 6 pet Mo, 0.4 
pet [. and the balance cot alt It 1 interesting to note 
that a certain amount of spheroidization of the in- 
clusions seems to have taken place n spite of the 
hort sintering time. Nevertheless, such oxide net 
works constitute a path of weakness in the compact 
and are one of the reasons for the inferior properti 
ymetimes observed in compacts resistance sintered 
inder pressul! 
Rapid Cooling of Resistance Sintered Compacts 
Rapid cooling after sintering is one of the ba 
characteristics of resistance intering under pre 
ire. It may be illustrated by micrographs of tita 
nium and zirconium compacts in the “a intered” 
ndition, which means that they were effectively 
quenched from above the transformation tempera 
ture. Fig 8. 9. and 10 show the structure of ny 
pacts from Bureau of Mines titanium powds lu 
Pont titanium sponge, and Sylvania zirconium pow 
le All samples exhibit the typical Widmanstaetter 
tructure of quenched titanium and conium. It 
particularly pronounced in the Bur f Mines t 
im powdse which } eacte vith adsorbed 
‘ ided atmospheric impuriti« re tance 
ering 
Sintering Process in Single Metal or Alloy 
Powder Compacts 
When cold pressed compact f ngle meta 
ow ae in alioy powas ‘ tere without ti 
pplicat f pressure, the t nterpart 
ate the tota imme , 
‘ ea the ipid movement met 
Table || Comparison of Properties of Conventionally 
and Resistance Sintered Zirconium 
Pet Reduction 
in Thickness 
t pen Celd 
Rolling When 
Piret Bdge 
Hardness, Cracks Ap 
Treatment Density R peared 
w de 
ef 53 to 72 
6 48 to 6.52 “ ‘ 8 
er press 6 54 to 66 7 2 to 42 


JANUARY 1955. JOURNAL OF METALS—163 


162—JOURNAL OF METALS, JANUARY 195 


Fig 10—Resistance sintered zirconium pow- Fig 11—Typical grain size of resistance Fig 12—Resistance sintered molybdenum 

mpocts. X600. Area reduced approxi- sintered compact from Stellite 30 alloy pow- powder compact with fine grain size x100 

mately 35 pct for reproduction der X1000. Arec reduced approximately 35 Area reduced approximately 35 pct for re- 
pct for reproduction production 


) Resistan sintered molybdenum Fig. 14—Resistance sintered molybdenum Fig. 15—Dendritic structure in atomized 
wder mpoct with medium groin size. powder compact with coarse grain size. X100. brass powder. X500. Area reduced approxi 
“100 Avea reduced opproximetely 35 pet Area reduced approximately 35 pct for re- mately 35 pct for reproduction 
for production production 


Fig 16—Resistonce sintered brass powder Fig 17—Resistance sintered compoct of 80 Fig. 18—Resistance sintered compact of 80 
mooct X500 Area reduced approximately pct Ni, 20 pct Cr. Lowest energy input. X100. pct Ni, 20 pct Cr. Next to lowest energy 
t for reproduction Area reduced approximotely 35 pct for re input. X100. Area reduced approximately 35 
production pct for reproduction 
ext ‘ h mea 4 iffi 
t tempera was chosen. TI 

] III which shows how the a t 

ba Dal i the cia cal 

‘ | ‘ a ce g ’ tal 

Ww hich f e ara of 

te ‘ ilwa four j 

to obta densiti {9 t theoretica 

ind ‘ the ist actory ta 

ef act acle ke Stel- 

te I at ‘ nt lliamete va irger 

tha l iiff t were rm i with tr 

juce a spe . enough fi ‘ ture 

esting nree gree compact liam a 

vere sintered in tandem ct We put 

t " compacts had de ties of 8 834 2 which 

\ ‘ are 99.2 to 99.3 pct of theoretica would appea 
juite satisfactory. Howeve wh these mpact 
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were machined into test specimens, the density de- 
creased to 8.12 to 8.15 g per cc which indicated that 
the porosity in the compacts was concentrated in its 
center and therefore impaired their strength prop- 
erties 

When recrystallization and grain growth during 
conventional sintering and during hot pressing are 
compared, both favorable and unfavorable factors 
are evident. Since, 


between powder: 


during hot pressing, extensive 


contact particles is more rapidly 


established, grain growth becomes possible at an 
than in sintering without pressure. On 


sintering times in hot 


earlier stage 
the other hand, the shorter 


pressing, and particularly in resistance sintering un- 
der pressure, will be unfavorable to grain growth 


The grain size of compacts resistance sintered unde: 


pressure is therefore generally small. As an example, 
the microstructure of a Stellite 30 alloy powder! 
compact with a grain size of 42x10~° mm is shown in 
Fig. 11 


been desirable, since Grant 


In this case a larger grain size would have 


found that precision cast 
rature alloys have increasing 


cobalt-base high te mpe 
t with increasing gr: 


etrenoth 
ult 


nigh tempera 
Size up to a grain size of 12 to 14 grains per speci- 
men cI 

th 


Occasionally, grain growth was 


oss-section 


observed 


though the sintering times were very short. For the 
case of molybdenum powder, this hown in Figs 
12, 13, and 14. These are microstructures of sections 
of three compacts from the same powder resistance 


intered under pressure, 10 cycles at 20 ka, 20 cycle 
at 20 ka, and 20 cycle at 28 ka, re spectively The 
grain size of the specimen, Fig. 12, is about the same 


as the particle size of the molybdenum powder, but 


increasing amounts of grain growth hi red 
n the other two specimens. To produce wt 
such as in the specimen Fig. 14, the e! 
perature must have been very near t Ww 
the melting point of molybdenum. Temperature con- 
trol close enough to produce such large grair zes 
reproduc Dy oughout an entire compact and from 
compact to compact gene rally is not feasible 

Sintering Process in Compacts Made of Mixtures 

of Powders 

If a homogeneous alloy produced by sintering 
compact made from a mixture of elemental meta 
powde homogenization takes place through diffu 
sion in the solid state. In powder compacts with the 
isual particie- e distribution from a few miucror 
to about 150 micror the diffusion taking place 
during the very short sintering times of resistance 

tering unde pre ire nsufficient t my} 
homogenization even at temperature ist below the 


In order to achieve a 
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Table Ili. Density Comparison of Molybdenum Compacts 
Resistance Sintered With and Without Pressure 


Kelative 


Treatment Density, Pet 


Resistance sintered te pre ©, 20 k 

urre 2¢ 92.5 
Res ce P ® ssure, 22 k 

urre ‘ “6 
Resistance ere t ©, 24k 

ai es 97 
Resistance s ered wit! pressure to 


considerable degree of alloving between the metal 
powders in the mixture, the compact has to be 
heated high enough so that a ! quid phase 
Experiments which illustrate this point were cor 


ducted on compacts consisting of iron powder plus 


graphite. Copper wires which melt about 85°F below 


the eutectic te mperature for th Fe-C system were 
imbedded in the compact to serve as temperatur: 
indicators. Only in compacts where the compact had 
melted was there any appreciable quantity of pear- 
ite formed, indicating that diffusion of carbon int 


the iron took place above the eutectiu 
nperature 
This does not mean that no solid-state diffusion at 


resistance intering unde! 


which diffu 


piace during 


pressure, but only that distances ove! 


ion can be observed are very hort and that the 
degree of homogenization limited. An example for 
ich short-range diffusion during tance sinter 
ing is shown in Figs. 15 and 16. In Fig. 15 the micro 
structure of an as-pressed but unsintered 70 pct 
Cu-30 pet Zn brass alloy powder compact is shown 
which clearly shows the cored dendritic structure of 


the atomized powder. In Fig. 16, which represents a 


resistance sintered compact of the same b “ 
der, the homogeneous equiaxed structur f ar 
nealed bra $s apparent The endrite cell ein the 
atomized bra powder particle nly 2 to 5 
microns and the variation in compositior would 
probably be only 10 to 15 pet. The diffusion there 
fore is indeed quite hort rang 

When the ntering temperature raised suffi 
ently so that a liquid phase is formed, structures car 
be produced by re tance sintering which combine 
lensity with a le ed dt 
eneit Tt is illustrated by tl tructure ! 
Figs. 17 to 20 for compacts fron i ture of 80 pet 
Ni and 20 pet C which were r tance nt 
inde a seri of increasir em nput 
f 6 ka at 10 cvcles to 25 ka at 10 I 

n. diam, % in. lor ample In the n truc 

ture f 17, no react n? et take 
ween the chromium whict attacked Dy the ele 


Fig. 19—Resistance sintered compact of 80 
pct Ni, 20 pet Cr. Next to highest energy 
input. X100. Area reduced approximately 35 
pct for reproduction 


pet Ni, 20 pct Cr 


for reproduction 
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Fig. 20—Resistance sintered compoct of 80 
Highest energy input 
X100. Area reduced approximately 35 pct 


Fig. 2) 
with 50 pct —20 micron, 50 pct 3 micron 
WC. Conventionally sintered X1500 Area 
reduced approximotely 35 pct for reproduc 
tron 


Compoct of 90 pet WC.10 pet Co 
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Fig 22-—Compact of 9 pct WC.10 pct Co Fig. 23—Resistance sintered compect of 92 Fig. 24—Resistance sintered compact of 92 
with 50 pct 20 micron, 50 pct —3 micron pct WC-8 pct Co. Low energy input. X1500. pct WC-8 pct Co Excessively high energy 
WC Resistance sintered X1500 Area re Area reduced approximately 35 pct for re- imput. X1500. Area reduced approximately 35 


duced approsmmotely 35 pct for reproduction production pct tor reproduction 
r ake the arbide particit u the 
t N rig a 24, whic! now re 
I A mpac pressed from the cle 
t! r xture pct Wi ig; ( rt pact 
‘ Na tance ered t Ka 
, a gest hile the one in Fig. 24 wa tance 2 
uid f t 16 ka. Tt latte eatment ats tl 
er ea ca je compat and result t en- 
y and the! matior ap! te le 
f We 
irit Potential Applications of Resistance Sintering 
Under Pressure 
‘ pressure have been discussed in the - 
ect It may be well to point out those f ‘ 
r rie «al ap} ti it trie 
t Dsté vn nay pre t Xt 
Resistance sintering under | ire d is pre- 
ri “we VT re . I cont I Aiea tr 
act i several irrent pulse na wu i int 
i ‘ iva ible exter ve expe mentat 
i ect ary t ~ it the ptimurl 
hy f te ng 
‘ f parts ntered | th et! 
t te Most of the ' liam spe tered 
elat technic Institut equ 
00 to 25,000 amp or! irrent de tie f 
to 125,000 amp pe } in. nte ‘ 
' 0 P It has be« how ha ‘ 
p t lliamete 
Pig é i ire whet tne t ‘ 
ed to seve l seconds and a ficien i we 
irticle size of 2 these 
ed n the directior 
t 2640°F, w ‘ 22 mperatu t 
‘ 4 t of f phase heat 0 cych The most outstanding feature of resistance nter- 
! } vole mn with 45 pet fu ha heat ng under pressure is the very short sinteri: time 
Bot! mpacts have a density of 14 pe nd a necessary to produce dense compacts. TI hort 
‘ f Ra 88. It pparent that n e tering time may be used directly to speed up the 
f the fine carbide particles | taker wer production of sintered compacts. A rotatir tat 
tance lu i tha nm the nt with positions for cold compacting, f ling the 
any the hand the for resistance ntering, and for unloading 
h tl ' be visualized. The plungers and wafers used ir n- 
id tance t t e ti tering would be made integral with the elect {es 


166—JOURNAL OF METALS, JANUARY 1955 TRANSACTIONS AIME 


4 
; 
mie 
Fels 
4 
i 
‘3 


TRANSACTIONS AIME 


tire process could be made automatic 
| rr 

fhe process thus may be applied to a more rapid 


oduction of inserts for cemented carbide cutting 


pr 
tools. The most serious problem still to be solved for 
this as for any other application would be a suitabi 
liner material 

The short sintering time in resistance sintering 


under pressure may be used to arrest certain unde- 
irable reactions, as for imstance that between the 
reactive metal powders, titanium and zirconium, and 


t compacts of these metais 


tha 


atmospheric gases so 
be sintered in air. Also included in this group ol! 


can 
arrested reactions would be sintering into Gens¢ 
compacts of a combination ol materials one of which 

instable at high temperature. It may be possibi 
to make the time at temperature so short that de- 
composition or sublimation of the unstabit material 
is suppressed. Combinations of diamonds and nicke: 
powder sintered at temperatures near the melting 
point of nickel without decomposition of Ux dia- 
monds might be considered or c mbination of 
molybdenum and chromium sintered near the - 
J of the alloy without excessive sublimation of! 
the chromium 

One of the greatest problems in hot pressing t 
find a die material which will stand up at high 
temperatures and will not react with the hot presse 
compact. Because of the sh ne in re- 
sistance sintering, the dema perature 
trength and chemical inert efract 


iners which serve as dies 


conduction from the compacts May be nN e easly 
met, although the additional problem of thermal! 
hock may be introduced. The resistance ntering 
method therefore should be particularly applica! 
to producing solid bodies from powders having higi 
melting points which have to be sint rea at! i 
temperatures. One standard method of ntering the 
efractory metals is by resistance sintering but wit! 
out the applicator pressure outiinea pre 
viously, molybdenum can be resistance ntered t 
considerably higher densities under pré ire thar 
without. Whether this possibility will become « 
commercial interest depends on the question whethe 
there is a demand for the relatively small den 
parts of simpk shape which are litable for th 


method 


Other 


which have to be s1 


temperatures are the electrically conducting refra 
tory carbides, nitrides borides, and silicide an 
their mixtures with metal powders. In resista! 
ntering these materials, the problems of adequat 
electrical conductance of the powders and of achiev 
rature distribution are particularly 
en outlined heretofore ere the 
solved, parts may be resistamn 
have suitable sizes and shape 
ost interesting characteristics of re 
1S the po sibility of mMaucing nig 
acts in which the proce of alloy f 
ma n is arrested at a desired age a Na iu 
trated for Ni-Cr alloys. There is a good chance t! 
ich dense compacts havi a particular Gegree 
nhomogeneity may have unexpected properts 
which cannot be achieved by more conventior 
processing methods. Only very few of the innume 
ible combinations of incompletely alloyed materia 
were investigated at Rensselaer Polytechnic Institute 
Partially alloyed compacts having the com; t 


te 30 alloy were produced 


powders. Their stress-r 
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ever, poorer than that of more homogeneous com- 
pacts made from alloy powde! Another attempt to 
make use of arrested alloy formation was made in 
the preparation of cemented tungsten carbiat with 
iron and nickel as binders on the basis of the fol- 
lowing reasoning The combinatior f strength 
toughness, and cuttu bility in carbides with cobalt 
as a binder is due to the fact that the carbiate A ch 
are dissolved in the cobalt matrix auring te n 
are completely reprecipitated Gurir oling that 
the finished product consists of carbide partici 
a matrix of pure cobalt. Iron and nicke i 
satisfactory as binde convent sinter be 
cause, GISsOIVIT the carbide they a not pre 
pitate them completely Upo! ng eavil 
ard and brittle athe than a ft 1 ductil 
matrix in the finished product. If the ition he 
carbide nm the nicke nae phiuse « 1 
effectively preve ted duru he hort re 
tering time a tructure oO! Ca le I it at x ol 
pure on or nickel should result milar to that of 
irt it with cobalt as a 1 
nickel and I entire the fact thal 
the binder meta ure ible in and form compiex 
cart it wit! tungst« bide ind ! t 
nt account the matt f interfacial te! on tore 
between carbide ana bina The ittempt to pro 
atisfactory emented carbdia vit! ron and 
nickel as binders Was u Icce fu idigir from the 
comparative jf perti« f the cemented irbicde 
but the rea I ack nave t et 
been ascertained. In these tw ist t was not} 
ble to produce mate will ipe 
making ist a ested y Neve 
thele t entire that the 1 ct 
fu ap} cat ‘ iT it ‘ 
ire may t be found in U ! 
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Physical and Mechanical Properties of Rhenium 


The fabrication of rhenium metal by powder metallurgy techniques is discussed 
The following physical and mechanical properties have been measured and are 


reported 


lattice constants, melting point, electrical resistivity, thermal expansion, 


spectral emissivity, modulus of elasticity, tensile properties and ductility at room 
and elevated temperatures, work hardening, recrystallization, grain growth, and 


oxidation resistance 
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Table 


Spectrochemical Analyses of 
and Rhenium 


Ammeniom 
Perrhenate 
As-Purified 


Ammonium Perrhenate 


‘et Present 


Khenium Ke 
duced from 
Ball-Milled 
Ammeniam 
Perrhbenate 


Preparation and Fabrication 


ry 


rT OL pe 
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the 
— 
Avs 
aan 
We 
pe ent H 
t t ecome lit 
es tu titaniu ingste 
SSO ae t he n made available for tl tudy by the Kennecott 
eS Copper ¢ p. The pot im perrhenate w e- 
ee tact ' ner henium heptoxide and di ved in water. Th ] 
Yea t hig? tion was neutral i with ammonium hydroxide t 
in tv] nal\ f shown in Table I. The 
Pe Wake peration caused a certain an int of impurity } K- 
if a> eflected the rner am ana 
tar Table I. The fine ammonium perrhenate v juced 
to metal with hydrogen. Partick e of the powde 
. “e ranged from 1 to 25 microns, as illustrated by Fig. 1 
| 
is 
a 


Table !!. Vacuum Fusion Anolyses of Three Types of Rhenium 


Pet Present 


Type of 

Rhenium Hydregen Oxygen Nitregen 
Var ie posited* 0.00014 0008 0.0008 
A 0.00010 0.0010 0.0002 
at 

i bar 0 00006 0 0006 0 0005 
* Rie 4 deposited » tungsten wire by decomposition of a 
© at ele ted te 
t c meited 
Rhe € pow de qf the d in Tabie I 


in the form of vapor-deposited wire, 
f the decomposition of a rhenium halide on 
i hot tungsten wire, was used for experimental 
purposes in some instances. Arc-melted rhenium 
buttons, formed by fusion under argon of pieces cut 
from either pressed powder bars or vapor-deposited 
od, also were used occasionally. The gas analyses of 
the three types of rhenium are recorded in Table I 


» 
Preliminary 


massive 


Pressing and Sintering—Pressing ex- 


perimentation had shown that fabrication of 


henium prepared by arc casting or hot wire de- 
position from the hexachloride was very difficult 
rhe underlying reason for this situation was the 
large grain size, which caused serious secondary 
tensile cracks on cold or hot working. Therefore 


powder metallurgy techniques were employed fo! 
consolidation. 

Rhenium the 
described, was pressed into 44x 4x6 in 


metal powder, of type previously 


bar stock 1 


a hardened steel die; an ether solution of stearic acid 


was used to lubricate the die walls. The die pressure 
necessary to secure Maximum compacting wa 0] 
tsi. This produced densitic f 35 to 40 pct of “the 

etical” (21 zg per cc). The bars were very trag le, 


but increasing or decreasing the die pressure did no 


improve the as-pressed density. Further densifica- 
tion probably cannot be achieved easily by pre ng 
alone because of rhenium’s exceedingly high work- 
hardening capacity 
Presintering and Sintering: Sintering was divided 
steps: presintering to improve the strength 
idling, and sintering for densification to a 
workable structure of low porosity. Presin- 
was done in vacuum. This treatment consist 
of heating the pressed rhenium bar for 2 hr at 
1200°C in a vacuum of about 0.01 micron pressure 
Very little densification occurs (40 to 45 pet of theo- 
retical), but the ba strengthened sufficiently t 
be handled for sintering 
The final sintering is conducted under flowing tank 
hydrogen in a “bottle f the type commonly used for 


intering molybdenum and tungsten bars in indus- 


try The esistance-heated ba e held vert ally 
between water-cooled electrode The lower elec- 
trode extend nto a po of mercury pre ir i 
flexible contact to allow fé hrinkage. Sufficient 
current (about 1200 amp at 6 to 8 v) is passed 
through the bar t raise their temperature to 
700°C after emissivity corrections are applied. The 


nperature is read with an optical pyrometer 


close to 90 pct of that required to 


- 
Cause iu 


brief summation of the pressing and sintering pro- 


in Table II 


cedures is giver 


Approximately 30 rhenium bars, 60 to 65 g, hav: 
been sintered in this manner, and in almost all case 
the resulting density fell between 85 and 93 pct of 


the theoretical 


TRANSACTIONS AIME 


igs 


Fig 
rhenate 


1—Rhenium metal powder reduced trom ammonium per 
Particle size, | to 25 microns. X100. Area reduced 


approximately 25 pct for reproduction 


Hot working: Rheniun 

ized by hot shor 
that 

tho 


no fully satisfactory me 


ne ana 


al rhenium } bot! 


been developed in the pres« 


it study 


characte! 
y Agte 
hot i workable 
for hot working h vet 


The hot short- 


pears to be 


and cok 


ness is caused by a low melting (297°C) oxide 
Re.O., wt forms at grain boundaries when 
henium ed in al 

No success was obtained in attempts to hot work 
either arc-cast, hot wire-deposited, or sintered pow 
ler metallurgy-type rheniu by forging, swaging, 
or rolling at temperatures ranging from 600° to 
1750°C. In fact, a most graphic picture of rheni- 
um’s hot shortne may be seen in Fig. 2 which 
shows a very pure 50 g arc-cast button before and 
after two blows by a forging hammer at 1500°C 
The metal has virtually exfoliated at the grain 
boundaries 

An experiment indicating that oxygen was the 
cause of hot shortne was conducted at this time 
Three arc-melted buttons fror the ime piece of 
‘ tal-bar rhenium were used. The first specimer 
wa retained as a blank for tudy n the as-cast 
condition The second wa heated in | i gen at 
1500°C for 30 min, ther ed in the hydrogen at 
mosphere without exposure to a The third spec 
men was heated in hydrogen to 1500°C for 10 cycle 
of 3 min eact bei a quenched etween each 
heating period to simulate the <¢ lition inder 
which it no ill yould have been hot worked 
The metallographic structure of the three specimer 

hown in Fig. 3 and thei is content recorded 
Table IV 

The first button showed a low oxygen, hydroger 
nd nitrogen content and a clean structure The 
cona buttor ed ght decrease in gas cor 
tent, particular ‘ and | | en, bul 
exhibited me precipitatior f foreign phas« at 


Table til 


Procedure for the Preparation @f Sintered Rhenium Bar 


from Rhenium Powder 


Percent 
age of 
Theeretical 
Time Tempera Deneity 
Operation ur ture, Achirved Remarks 
Pre ng ‘ te dle 
4 iH ae ety 
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170 


9 —Arc 


rh 


melted 
nium buttor 


Cold Working 


o—As received orc melted dufton 


b—Button of a 
after two blows 
with forging 
hammer ot 


1500°C 


in the forging of rhenium 


procedures [ 
re, rod, 
ex} 


, est 


ne resistance to 


jens from 250 to 


when 


Swaging: 


Heoted in hydrogen at 1500°C for 30 min, 
hydrogen muffle cooled 


lave 


ablished two sa 


been adequate ! preparation 
and sheet in laboratory quantities 
eriments, principally 

lent points 

extremely hot short, as 
ium work hardens tremendo 
deformation 

wer 800 VHN 


mn cross-sectional area by swaging) 


cracking 
of 


s secondary tens 


ld 


ue of arc- 


reducti more 


10 pet or 
t was thought 
could be 


recrystallization, crackKlU would 


ictions then might be 


re was 


neavie! 
successful, as 
shown in Fig. 4 
cold- working to 


for 


rms 


methods 


ite square, 
square, as 


t is neces- 


c—Heated in hydrogen at 1500°C for 10 


periods of 3 min each, air quenched between 
cycles 


Fig 3—Micrographs of three heat-treated rhenium buttons. X 500. Aree reduced approximotely 50 pct tor reproduction 


JOURNAL OF METALS, JANUARY 


1955 


TRANSACTIONS AIME 


a 
A d 4 4 
~ 
Fig. 2—Hot shortness 
‘4 " ‘ ted temr atul 
t i diffusion phasized. 2 
juring the ex- The ext: 
sable that much of the work har 
tin ‘ ‘ A elting oxide juced 30 pet i ee 
} king temperatures caused serio 
‘ ‘ the n nterta cast metal 
} were attempt 
e arc-melted, hot Accordingly uined 
shyt 
‘ t? if j @11minatea aha 
j 
: oi nst ful hot working ha llustrated by the 
a 
i ed t st ind has evolved ir 
ire to be ds bed, wa be described 
Sie at t 14 th moderate succe A tota fie A sintered billet, often not qu 
‘ len } ad tior 
t? Tre Wad is coid rolled Lik tit PPUUC LI a 
iss. Litt king hown in Fig. 5a. Following the squaring, 
ne t present i to anneal for % hr at 1700° to 1750°C to main- 
na j ‘ ary an ii 2 
Ws A t ‘ kir Surface nditior tain a low hardness. Next, the bar is cold peened or 
‘ +} ne hot hand forged on the cornet! This is done in several! 
er et ‘ t that th é it ising a teps and gives a cross-section as shown in Fig. 5t 
| Kil inhis opera usually Causes a Mlia reping 
iy: ' he , y be hot wv ked. Suc- nal square faces, which is eliminated by very 
ja oh, om nium led to abar mild ing 
Shot workis Bowe The final preparation step is to cold roll the bar on 
| furt ' t hod inned the flats formed by the hammering operation to an 
‘ as f t e! ctagon, ; hown in Fig. 5c. Intermediate anneals 
es } t t wire-d ted maintain the hardne at a low level 
vg t ‘ f t Swaging then started, reductions being possible 
‘ at eithe 10 20 oct -sectional area per pass 
ed Fig 5d) Anrealing accompanies each swaging 
EN 
3 
al 


Table IV. History and Gas Content of Three Rhenium Buttons 


Vacuum Fusien 


ysis, Ppm 
Refer- 
Nitre- ence 
Batten Cenditien gen Pig. 4 
la As arc elted \K 1.0 2 
it He gen at 
hydroge fle ed 2 
Heats 
00°C for periods 
eact 
quenched betwee 
es 76 12 
pass and is of the order of 1 to 2 hr at 1700° t 
1750°C. Each anneal must reduce the surface hard 
ness below 300 VHN before the next swaging oper- 
ition Is permitted or the post-annealing hardne 
M creep upward, the bar eventually becoming so 
work hardened that surface cracking appear A 
ni nes eading should be taken after every other 


to provide proper control 


Wire Drawing: At 60 to 65 mil diam, swagings 


ceases; wire drawing is the next logical fabrication 
te; Dut ner it possesst ict great resistance to 
leformatior hat reduction to wire has been ac- 

mplished so far ni vith considerable difficulty 
The 60 to 65 mil 1 xd is first calped wit! i fine ip 

im oxide wheel to remove surface imperfec- 
tion The surface then polished with 600 rit 
pape D mence it eductions of 10 pet 
vith anneals between each pa The best lul ant 
for drawing, among many tested, has a li stea- 
ate base Even with tl lubricant, rher tend 
to deve Of; ongitudinal pitted o carred atts 
a lew pa 
e drawing has produced sound 40 t 0 

VA e with a good irface While rhenium ha Der 
irawn to a 12 mil diam, the surface was not sat 
tact ry Small crack and fissure were present 
rhe same condition exists, to a lesser degree, in 20 
i 0 mil drawn wire 

From the results experienced in wire drawing, a 
olling hammering type of reduction would ap- 
pear to be preferable. Rhenium should respond t 
ich treatment, as its excellent ductility is obv j 
fror lata reported in this paper. In preliminary 
work, rhenium has been reduced to fine square wire 
with a good surface by using a Turk’s Head draw 
plate 

Cold Rolling: The technique of cold reductions and 
ntermediate anneals was used in the fabricatior f 
henium sheet. The sintered bar was first cold 1 ed 

total of about 5 pct DY a numbe f ma edu 
tions to reduce edge cracking. Following t} pre 
in ary fabrication, reduction f 10 pet per pa 
with intermediate anneais between eac! te; vere 
employed to fabricate 10 mil strip. In all case the 
irface fir Wa excellent Occasionally 

me edge cracking occurred « y in fabricatior 
but tl was removed by grinding and did not ¢ 
agate 

Rhenium sheet, for in such devices as electror 
tubes rucivdbies, et ca be fabricated by cold 
rolling hen annealed, it can be bent readily; shar; 
bends, however, should be accompanied by one « 
two intermediate anneals 

ng n form rolls has beer 
also, but has not been utilized as extensively as othe 
types of fabrication 
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Physical Properties 
Some of the physical and mechanical properties 
of rhenium have not been determined, and others 
Thus, 


f the phy sical 


have been measured by only one investigat 


it Was felt that a general reappraisal 


and mechanicai properties of rhenium was desirable 
A discussion of the important physical properti 


determined in this investigation follows 


Lattice Constant Considerable lisagreement is 
found in the literature witt espect t the lattice 
constants of rheniun a hexagona -packed 
metai The most accurate work with the purest 
materials appea to have been Gone Dy Ste ana 
Weert whi btained the results recorded in Table 
\ Othe Value have been determined by Agt 
et al... Goldschmidt,” and Moelle: 

Three sets of values have been obtained in the 
present work: one for purified powder reduced from 
ammor perrhenate and two crystal-bda 
henium, one a major and the other a minor patt 


As can be seen in Table V, the constants deter- 


mined from powder and from crystal bar (min 
phase) agres wel wit! the k of Ste ind 
Weert The crystal-bar ma} phase lot not agree 
ciosely howeve! which could be a result of in 
irities present in the crystal bar and not in the 
ther mat ils studied. Interstitial impurities tend 
nly to expand the lattice, while substitutional in 
purities May cause either expansion or contracuor 
Since the major crystal-ba! pattern 1 ndicative ia 
contracted lattice, the conclu nma be a . that 
part of the crystal bar exposed in test contained it 
tit it nal ify Me tie 
Since the minor crystal-bar pattern, the powder: 
patterr ind the work f Stenzel nd Weert ‘ 
te closely, the pattern value from WU 
present efe ed Ir gene these 
e all slight lower than Shose found by previou 


Fig. 4—-Rhenium fabricated from sintered bor, A is 0.160 in. diam 
swaged rhenium wire; B, 0.060 in. diam swaged rhenium wire; C 
0.026 in. thick rolled rhenium sheet; and D, 0.080 in diam annealed 
rhenium wire illustroting its ductility 


Fig. 5—Steps in the preparotion of rhenium rod. A is as-sintered 
rhenium cross-section, B. as-edge forged rheniwm cross-section, C, 
as-octogonized rhenium cross-section; and D, as-swaged rhenium 


cross-section 
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‘ 
P | Table Vi. Melting Point of Rhenium 
Temperature, Temperatere, °F In vestigater 
‘ + Agte 
e 72 Jaege 41 Hosernboft 
760240 Present work 
te perature mea ireda The values Dtainea were 
j 
175 ana 134 tne average Vaiut eported in 
‘ 
Table VI These values aiso Check st wo 
es f nd in the erature and cor isively es- 
. 4 j ablish the melting point of rhenium as occurring i 
r 
j the 16U t 4 temperature range inmus 
4 rr tir 4 of th 
*} 4 *- rhenium has the second highest me g point of the 
/ meta being exceeded only by tungsten $360 
f . / One additior measurement was of interest, as it 
4 é A btained by the bored-hole method in crystal- 
bar rhenium vapor deposited on a fine tungsten wire 
Since the hole for melting-point leterminatior 
4 
re: bad A thre hy the tt ten wire the owest melting 
se j pa nroug ne tung 
° ; eutect f tungsten and rhenium should have beer 
al . j the melting point measured Melting ctually oc 
j t 2 agreeing ver! closely with tne 
| ’ Value I 100°C found by Becker and Moers for the 
west eiting eutectk nm tne W-Re systen 
ty Tt jensity value most commonly ac- 
| f cepted in the literature for rhenium is that of £U.90 g 
‘ nt 
er ct ted ¢ Agte et a from the prese 
$ accepted ator weight of 160.41 ar i the lattice con- 
© the jetermined. In the same w kK, they ob- 
t ian experimental der ty of 20.9 per cc, indl- 
4 t that the lattice constants were mewhat in 
~ ‘ One value a | h 
a Ave « eoe 3 
te it ‘ that of Goldschmuiat wh calculated 
| 1 Mew 40~+0.06 pe T? r, was based 
In the cu ent investigation, severa density meas- 
Fig. © Room temperature resistivity ond the eftect of cold work on ‘ ‘ t ont le \ Il) were made YT i tat - 
the resistivity of 


and ‘ 
ed the melting 
+} 
} 
by ry tod 
‘ 
; K) ‘ ‘ 
nt with i 
mir t ‘ 
‘ 
+} 
‘ - ‘ 
t 
‘ wit) 
+} ‘ 
Table V. Lattice Constants of Rhenium 
Investigat Remarks 
a 
2 4 445° 
2 
2 
jiam and usually about 8 in. long, were anneal i to 
hardnesses well below the 300 VHN thresh ld. The 
re tance f these wires was then measured DY a 


nul method on a Kelvin bridge. With the diameter 
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lt 
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Bee, 
Fig. 7—Spectral emissivity of rhenium 

known from micrometer measurements, the test 


length standard, and resistances 
Kelvin bridge, the resistivity was then calculated 
Following the recording of a few annealed rhe- 
nium measurements in the foregoing mar 
wires were reduced cold by wire drawing 
from 6.5 to 24.2 pct 
sectional area. The resistance was then 
and the resistivity calculated for the 
wires. The wires were then annealed and the resis- 
tivities were calculated at the lower diameters. This 
jued until 24 annealed readings and 14 


ner, the 
in amounts 


ranging reduction in cross- 


measuret 


| 
as-worked 


cycle cont 


as-cold-worked readings were recorded. The data 
are presented in graphical form in Fig. 6 
Considerable spre ad is noticeable among the ar 


but the average value ag L¢ 
of Meissner and Voigt 


more com- 


readings, 
with the findings 
about 2 microhm-centimeters below the 
monly accepted value of Agte. The ci 


resistivities also show some spread, but conclusivel) 


neaied 


losely 


id-worked 


h that cold-working increases the resistivity 


ium about 2 microhm-centimeters with 25 
pet re ion Possibly Agte’s rhenium was not 
sufficie well annealed 


Thermal Expansion: The linear thermal expansion 
of rhenium was determined by Agte et al.’ at room 
temperature and 1917°C by X-ray methods. Their 

8 [001 12.45x10° per “C + 8 pet, 
4.67x10° per °C + 8 pct. Thus the c- 


constants were 


and 8 [100] 


ax expansion was 2.6 times the a-axis; they 
claimed no variation with temperature 


In the present work, the linear thermal expansion 


coefficients for a 150 mil annealed rhenium rod 3 ir 
long have been determined in a recording dila- 
tometer over a temperature range from 20° to 


1000°C. The 


measurements, as reported in Table 


IX, show a slight increase in expansivity with in- 
ng temperature. The mean expansion coeffi- 


creas 


between 20° and 50C°C is 6.7x10", slightly 
than tungsten which is 4.45x10~ for the same 


range 


Spectral Emissivity 


The first value of spectral 


Table VII. Density Determinations on Rhenium 


Determi- 
Density Type of nation 
G per Ce Ebenium Method Investigater 
214 6 Unk Fr attice Goldsct 
ts 
20 53 be bly Fr tice Agte eta 
b 
209 ba bly Probat Agte eta 
t wate tis 
placement 
2 Swaged “ tis Present work 
4> Cryst bar Fr ttice Present w 


taken from the 


Table Vil!. Resistivities of Annealed Rhenium at or Corrected to 20°C 


Resistivity 


Ohm-Cm «x Investigater 


15 pet Agte et 
i9.0° Meissner and Voigt* 
19.14:°0.25 Pres work, average 
*¢ fr 0.16°¢ 
us fr ge te peratu f 


emissivity reported in the literature was that of 
Becker and Moers,” coworkers of Agte, who calcu- 
lated a value of E 0.42. The specific temperature 
for this value was not mentioned. More 
Levi and Espersen” reported a value of E 0.366 at 
about 2800°C 

I current 


UVUuring 


point of rhenium by the 


recently, 


determinations of the 


bored-hole method, the 


spectral emissivity was also determined over a 
rather wide range of elevated temperature Black- 
body temperatures at the base of a hole, over six 


times as deep as its diameter, were measured by an 
optical pyrometer and compared to the surface read- 
ing of the bar adjacent to the hole. Ali necessary 
for the absorption of sight glasses, etc 
were introduced. After seve 
on different rhenium 

were available at temperature 


were related 


al melting-point 


mination bars, approximately 


ranging from 1300° to 3000°C. These 


by the well known equation 
| 


In E, 


where T is the black-body temperature K; T” is the 


brightness temperature, “K (surface temperature) 


s is 0.655, the wave length: C 14.362, a constant 
and E, is the thermal emissivity 

The emi ivity, E.. was solved fe each set of ir 
lividual points and plotted as a function of the 


(see F 
approximately linear decrease of F 
At 2800°C black-body 
checks extremely) 


black-body 
a very definite 


temperature 


as the temperature increase 
temperature, the present data 
with that of Levi and Espersen; at about 1400°C, it 


checks with the value found by Agte and coworker! 


For more common usage, a } of lata pre 
sented as black-body vs brightne temperat ©, ca 
culated from Fig. 7, presented in Fig. 8 

Mechanical Properties 

Mechanical data for rhenium has been virt 
indetermined as ¢ ijenced by the literat le ‘ 
hint from tin t tim that th meta ht 
rather high properti The present w K st that 
rhenium is an amazingly strong metal and, unlike 
tungsten, it is ductile at room temperature. Furt! 
more, it not made brittle by recrystallizat 


Table 1X. Linear Thermal Expansion Coefficients for Pure Rhenium 


Temperatare CoeMectent 
Range, per «10 
ae 
2° 204 
2° re 
2 40x af 
2° a7 
2 Aint a7 
> 
2 BOO 

2 as 
20 O00 
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Modulus of Elasticity: N 


lov ‘ 
‘ the 
vhas on ¢ 
nnealed rhe 
me ment 
1? 
= on 


5 Black body vs brightness temperature for sintered rhenium 
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Table X. Moduli of Elesticity for Annealed Rhenium 


Specimen Modulus of Elesticity, Psi 


- 24x10 
xii 
2 ete . 64 9x10 
27 2 66 4x10 
27 ete 
2 67 ixl? 


adjustment of the specimens in the grips would have 


ecurred op! to unloading and any error could 
! have made the modulus valu we The 
iverage { the ix determinations, 66.7(22.9)x10 

ymewhat lower than Koster estimated value 
but is also one of the highest moduli ever measured 

It place henium third among all meta n tl 

respect and falls between tungsten and osmium, as 
would be expected from the periodic arrangement 
Tensile Strength and Ductility: In Agte’s p n 

rhenium, the ultimate tensile strength and the duc- 
tility of an 0.25 mm diam halide process vapor-de- 
ted rhenium wire (with 0.03 mm W core) were 

eported as about 70,000 psi and 24 pct, respectively 

E in the irrent work, this type of test was 

eated with a “% in juced section ground int 
0.20 in. dian ystal bar also vapor-deposited 

he halide process). The ultimate tensile strengt! 

we hecked ( ely with A ote ‘ ilt 
t the « at Wa I t Sut equent met- 
pi work showed that tal bar tested 

esented merat n of ge loosely ( 

‘ ent rhe m gra hanging on a tungsten wire 
ind ture Tr ‘ ma have 
een ¢ ‘ , Mote meta More ecent ter e tects 

nd fine-grained rhe im prepared by powder 

j cedures, give fa r ne trengt! 

j 7 perature Ter le Test Three tensile 
est ve beer nducted on pure annealed rhe- 
4 ind waged a { apt 
é 01 liam and all were fabricated fron 
te 1 ba Int ich was ground a standard %& 
! ind tensile specimen. Special gri vere 
1 nds of the 150 n ds Tw SR- 

4 type A-7 st t ges were applied and the elas- 

ty modulus measured as reported previously. One 

q 1) 
tral i tner er ved, and a specially 

ew ttached to the specimen. Strain then 

Fig. 9—True stress-strain dio 
grom for three pure rhenium 
specimens 
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Annecied 
a Reduced 9 per cent 
| 
ome 
at 
at 
we 
ve Seren 8 pe 
Fig. 10—Average true stress-strain diagram for rhenium and other 
metals.” 
was recorded by the remaining A-7 strain gage and 
the extensometer 
Load vs elongation curves within the range of the 
strain gages were plotted for each tensile test, and 
from these were obtained the proportional limits 20} 
and 0.1 and 0.2 pct offset yield strengths recorded | 
in Table XI. In addition, Table XI contains the O 40c 80C Py 6 2000 24 
measured values of ultmate tensile strength, elonga- Tempercture 
tion, and reduction of area Fig. 11—Ultimate tensile strength of annealed and cold 
Annealed rhenium rod possesses an average ulti- worked 0.050 to 0.065 in. diam rhenium wire at elevated tem 
mate tensile strength of about 165,000 psi combined perotures 
i 
with excellent ductility. This is more than double 
the tensile strength found by Agte and the present if importance from the standpoint of its use as an 
authors for crystal-bar rhenium, indicating the electrical Niament material 
mechanical unsoundness of the as-deposited metal Rhenium wire, i es ranging from 50 to 65 mil 
used in tensile tests in both instance The tensile diam, has been tested for tensile strength and du 
strength of annealed rhenium is much higher thar tility from room temperature to around 2000 '¢ 
that of annealed molybdenum (about 70,000 psi)” Results have been obtained on anneaied wire, wire 
and annealed tungsten wire 20 to 40 mil diam (about reduced about 9 pct in cross-sectional area by draw- 
110,000 psi). The large spread between the rela- ing, and wire reduced about 15 pct in cross-sectional 
hy. no i «ly no 
tively low yield strength and high ultimate strength area Dy Swaging and Grawinj 
reflects the high work hardening of rhenium. In For test purposes, wire lengths of 4 to 5 in. were 
addition, rhenium has an elongation of 25 pct at inserted between screw-tightened grips mounted on 
room temperature, roughly equivalent to the elonga- steel rods, the free ends of which were grasped in ar 
ler Ver l tee ehir Rey t¢he 
tion of molybdenum tungsten has no ductility Amsle iniversal testing machine. Because 
under these conditions tendency of rhenium to oxidize, the wire and grips 
The true stress, 7, and true strains, 6, were calcu- were ¢! 1 in a pyrex tube a! ne end 
} . et a t to affect lo 
lated for a number of points as determined by ex- with a freely Moving ask a aff ' 
tensometer readings; the plot of their relationship readings when wire Wa . 1. v sour 
for each specimen is shown in Fig. 9. The true str was passed through the tube and the rhenium heated 
and true strain can be related by the flow equation by self-resistance. Temperature ™ read by ar 
BS yptical pyrometer hted tt gh a hole in ana 
ao 
: bestos shield rrounding the pyrex tubs 
where B is the strain coefficient, the true stress at 
unit strain: and n is the strain-hardening exponent — 
These constants are listed in Table XI als and Table X!. Tensile ond Elongation Dato for Pure Annealed Rheniwm* 
were obtained from Fig. 9. B was read directly from 
the intercepts of the true stress-strain curves at nec 
é 1.0, while n was obtained from the limiting slope $e? conan. 
of the curves Spect spect mens 
25 27 28 27, and 28 
Fig. 10 compares true stress-strain curves for 
molybdenun nickel,” and copper” with the aver- 
+) Proportior t. pe 15,100 26 800 18.100 26 
age of the three rhenium curves. Rhenium possesses 6.1 pet effect yi 
a strain-hardening exponent similar to that of nickel 50,60 “uso 
und copper, but since the initial strength is as high gth, ps 55.200 49.500 35,000 «= 46,000 
Ultimate tensile 
or higher than molybdenum, the combination of the strength. ps 68.000 164.000 161,000 164,000 
high hardening rate 2 io initial Elongatior pet 246 22 25 24 
high strain-hardening rate and the high initial 
strength produce values for B equalling nearly 400,- True stress at unit stra 
7 00K 170,000 70.000 367,000 
000 psi. Probably no other metal has such a high Strein-hardening 
combination of work-strengthening properties, ten- exponent. 128 0.360 6.372 0 353 
sile strength. and ductility as is found in rhenium 
Elevated Temperature Tensile Tests: The tensile = Jard ASTM ™% in. diam reduced section, % in. gage length 
Broke outside punch marks 
properties of rhenium at elevated temperatures are 
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Table XI!. High Temperature Strength and Ductility of Annealed and Cold Worked 0.05 to 0.065 In. Diam 
Rhenium Wire 


Annealed Reduced Pet in Area Reduced 15 Pet in Area 
imate UMimate Itimate 

Pleck Elenga- Tensile Elenge- Tensile Elonga.- 

Red, tien in Reduc- Strength tien in Reduc- Strength, Reduc- 
Tempera re 3.65 In tien of Pet tien of Pai tien of 
tere, Pet Area, Pet Pet Area, Pet Pet Area, Pet 

‘ 52 7 9 74 i 

2 2 48 2t 124 

2 2 7 2 + I 10 

22 2° 15 4 

Dut 
i ‘ led in Tal XII and showr and 1000°C; for 15 pet reduced rhenium, the low 
I t tre th dr elongations are found below 500°C 

ease ture t ‘ An appraisal of rhenium’s high temperature be- 
] ! f i work havior compared to other refractory meta tung- 
ted t erature sten and molybdenum, is given in Fig. 12. It must 
Al O'' be borne in mind that the rhenium data is from 
! e t , ight metal reduced only 15 pct in cross-sectional area, 
t fa é whereas the comparative data for the other metals 
| t from fully wrought stock. Reduction of 15 pct in 
4 tile at rm heniun not sufficient to give a fully wrought 
t t t ! it structure but, even so, makes the rhenium slightly 
t ‘ i ‘ stronger than wrought tungsten below 1200°C. Ac- 
) t cordingly, if data from fully wrought rhenium were 
tant 0 2 pet Detwe iva i ts tens strength would prot ibly be 
lerably greater than shown. Another interest- 

_ ng nt the vé high tensile strength f 15 pct 

ced rhenium at ym temperature, about ),- 
' )00 psi. These aata were secured from 64 mil dian 
ssoh-d wire. Fine rhe n wire the fully wrought rhe- 
nium, may have even higher strength than the 600,- 
egend 000 to 700,000 psi strength values found for 0.5 mil 
ne oe ent reduced irawn tungsten.” 
Work Hardening and Recrystallization: The litera- 
ture yields 1 nformation as to the work hardening 
@ (erought ta behavior of rhenium, except for 
\ Winkler tatement that annealed rhenium work 
r hardens from 247 to 637 VHN when cold worked 
> this shows that rhenium work hardened rather ex- 
> tensively, results that have been verified t the 
irrent work 
g ‘or A specimen of pure swaged rhenium rod was an- 
. nealed to a surface hardness of 270 VHN, the struc- 
» ture of which hown in Fig. l4c. Note the ex 
. tremely fine grain After annealing, the rod was 
‘ educed 10 pet s-sectional area “ neg 
° \ ind a group of small specimens removed for recrys- 
t t studis Extensive transverse and longi- 
Y \ tudinal hardness measurements were taken Next 
‘ 
- . - 
hardening chorac r 
~ 
Ter oer 
Fig. 12—Elevnted temperature tensile properties of wrought > 
rhenium (15 pet reduced), molybdenum,” ond tungsten Bee Se 
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o—Hot wire-deposited rhenium, near center b—Rhenium arc melted from cut crystal bor, c—Annealed rhenium from compocted, sin 
of bor, VHN is 166. Average grain size is 0.06 VHN is 135. Average grain size is 3 mm tered, and swaged metal powder; VHN is 270 


Average grain size is 0.004 mm 


Fig. 14—Hardness and grain structures of hot wire-deposited, arc-melted, and powder metallurgy types of rhenium. All in the annealed con 


dition. X100. Area reduced approximotely 55 pct for reproduction 


the bar was reduced an additional 10 to 20 pct total 
reduction in cross-sectional area, hardness readings 
taken, and specimens removed. This cycle was re- 
peated until 40 pct reduction was recorded, at which 
point some cracking of the swaged bar from the 
repeated cold working was apparent. The metal- 
lographic structure was almost completely wrought 
at 40 pct reduction 

F 3 shows the work-hardening curve secured 


dness data compared to correspon ling 


data for nickel” a metal which work hardens appre- 
ciably. Rhenium work hardens to over 800 VHN with 
pet reduction in cross-sectional area by swaging 
ler pure metal is k to work 
nphasize the need for proper 
irdnesses during fabrication 
foregoing results on powder 
nium, a few hardness determ 
tions were completed on arc-cast and hot wire 
Fig. 14 shows the typical un 
worked structures obtained when rheniun 
solidated by these two methods, compared with a 
structure of annealed rhenium prepared by powde 
metallurgy methods. The annealed hardnesses ob- 
tained from all three of these methods are included 
in the figure 
The largest grained metal, that prepared by arc 
Iting, has the lowest hardness. The crystal bar 
(hot wire-deposited metal) also has a low hardness 
and it should be noted that its structure is primarily 


composed of large grains, also. The large grain size 


arder a 


results e 


1? 
metallurgy-type rh 


deposited rhenium 


con- 


present in crystal bar and arc-melted metal caus 


these types of metal to be much more difficult t 
work than powder metallurgy rhenium 

After establishment of the work-hardening char- 
acteristics of rhenium, the recrystallization behavior 
was determined. Specimens from each group of 10 
20, 30 1d 40 pct reduced metal were annealed for 
l hr at fnatiae ranging from 700° to 1700°C 
generally at 100°C temperature intervals. Hard- 
nesses were measured after each annealing treat- 
ment. The hardness values vs annealing tempera- 
ture curves are plotted in Fig. 15, which also in- 
cludes a series of grain size curves discussed sub- 


As shown by the data, little, if any, softening oc- 
curred below the 800°C annealing temperature 
igher arnnealing temperatures in- 
volved a rapid drop in hardness for the 20, 30, and 
40 pet reduced metal. Around 1300°C, metallo- 
showed a nearly completely re- 
of the type istrated in Fig 


dropped to about 350 VHN at 
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Fig. 15—The effect of | hr annealing treatments on the hardness 
and grain size of cold-worked rhenium 


this point. Higher annealing temperatures caused a 
further, but less abrupt, drop in hardne 


The 10 pct reduced metal, containing less cold 
work and thus less available energy to trigger re- 
crystallization, softened and recrystallized more 


lowly, not being recrystallized completely until 
about 1500°C 

Thus, it may be concluded that for —_ rheniur 
reduced 10 pct in cross-sectional area by cold work 


the recrystallization temperature is 1500°C. For 
rhenium possessing greater amounts of cold reduc- 
tion, up to 40 pct ir : -~sectional area, 1300°C is 


the recrystallization temperature. It must be noted 
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. 
= 
mm 
l4c. The hardness had 


ation of a muffle furnace at 300°, 600°, 900°, 1200°, and 


howeve that for the purpose of cold fabrica 
hr annea at light bove, these 1500 The results are recorded in Table XIII. As 
tion tempe ture are nsufficient ] an 0 eet » catastrophic oxidation rate com- 
‘ t in general, be depressed below JvU menced above 600°C, at which time white fumes 
HN i 2 hr at 0” t 750° e usually were given off: this is also the case with molybde- 
mt th the additional ti num. This white or yellowish oxide is Re,O,, rhe- 
; the recrystallized grain size nium heptoxide, which melts at 297°C and boils at 
ed bef i working 63°C: it is the highest oxide of rhenium 
Grain Size and Grain Growth: Following the re- Metallographic examination showed that the at- 
t Zatior tua ported above grain ¢ int tack on tne pecimens exposed to the higher tem- 
made on mat synnealed in the temperature peratures was of a general nature, the grair oxidiz- 
oO” t for all degrees of juctior ng at about the same rate as the grain boundaries 
7 met f t re estimation wa That the oxide travels rapidly into the grain bi ind- 
} esu e re ented by the seri f aries when rhenium is heated in air, howeve is 
} ' 5. Despite me scat- well verified by the exfoliation occurring when rhe- 
the plott nts, the grap! early show nium is hot forged in air, as in Fig. 2 
int f i work produce suc- Rhenium in general, except for electroplated met- 
f ‘ ecrystallization, a al. does not tarnish readily in alr at room tempera- 
te f eductior ip to ture. All forn f rhenium, prepared by many dif- 
t K Nardenir ina ferent met? } have beer stored in the open in this 
Further re- laboratory for about two years and no surface ox!- 
it t rate lat of il t has beer bserved Elect plated 
, the ten metal. however, must be fired in hydrogen to pre- 
, 4 h tempe vent tarnisning 
Summary and Conclusions 
i Sintered ma ve henium bDars can be pre- 
pared by pr« ng minus 325 mesh rhenium powde 
; t 30 t pre tering in vacuum at 1200°C, and 
4 et ta 
‘ ‘ 2—.Sintered rhenium bars can be fabricated to 
i wire. sheet. and foil by a series of cold-working 
t? ‘ vhibited na arr ng ope it ns 
} te hie Rhenium meta ippeal to be hot short this 
4 inhibit not WOrKINg 
4—TI ittice constants of rhenium are: a 2.760 
Oxidation Resistance 0 001A. 4.458+0.001A. and c/a 1615 
e expected tale 5 The meltir point f rhenium is 3180220°C 
6—The theoretical density of rheniun 21.04+ 
0.01 g pe which compares to a me wsured value 
91 09+0 0 me 
The electrical re tivity of annealed rhenium 
19.14+0.02 mi hm-cm at 20 ¢ th increases 
with increasing amounts of cold work 
iat teat ha heer wit? vole 
the amt mean thermal expansicn coefficient for 
ectior _ elted buttons have been ex rhenium over the temperature range 20° to 1000°C 
wick e of ture. Ds is 6.8x10° per 
te the | bilit o ecm e in re ts be- 9—The spectral emissivity of rhenium has been 
the melted rhe- established as a straight-line function with tem- 
‘ ha shat the ¢ ' test re ‘ perature, decreasing from 0.42 at 1400°C to 0.36 at 
are tv pe f +> thy 2800 
tere nelted 10—The ter n modulus of elasticity for rhenium 
| 
ste 2 
butt { t mi. ¢ hw } 1] Annealed rhenium at room temperature has 
vere it ‘ movir i t in ultimate tensile strengt! f about 164,000 psi, a 
| 0.1 offset yield strength of 42,000 psi, and a 0.2 offset 
; —_ eld strength of 46,000 psi. Under these conditions, 
Table Oxidetion of Rhenium in ductile and has about 24 pct elongation with 
Vine 20 pet reduction in area 
12—Rhenium work hardens more than any other 
Speci Speci Rate knowr metal 
persere nen men Weight of Attack 
Time Weight Ares Change G per Sq 13—Rhenium recrystallizes and grain growth 
Mr Sq im ‘ Cm per Hr 
mmences in the temperature 1300 to 
1500°C. The annealed grain size of sintered and 
" worked rhenium is very fine, averaging about 0 004 
5.26 l Rhenium oxidizes when heated in air, very 
rapid oxidation occurring when rhenium is heated 
. tes sone n air at temperatures above €00°C, but does not 
t 


rni 
tarnish at room temperature 
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Effects of Tensile Stress on the Austenite to Ferrite 
Transformation in Eutectoid Steel 


The effect of stress on the austenite to ferrite transformation in carbon steel was 
studied by X-ray diffraction techniques. Tensile stress was found to cause reorienta 
tion of austenite above the transformation temperature, to accelerate equilibrium 
conditions ot the transformation temperature, and to cause precipitation of large 


carbides at a critical value of stress. 


| the past, a number of papers’ have discu 
effect if st 


ed the 


re on the austenite lt martensite 


transformation at relatively low temperature lr 
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general, it has been shown that tensile stress induces 
ne transformation at a given temperature, while 
compre e stre retards the transformation. Very 


little work has been reported on the effect of stre 
on the transformation from austenite to ferrite plus 


carbide near the A, point in steel. One of the few 


papers in the literature’ reports an increase in A, of 
about 1°C in pearlitic steel upon the application of 
ten ‘ tre 

In this paper, the effect of tensile stress on eutec- 


toid steel at, and above, the A, point was studied in 
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ecially designed X-ray diffraction spectro- ing so that any desired portion of the notch could be 
The X-ray results were substantiated and observed. Temperature was measured by a Pt—Pt- 
high te erature tensile test cro- 10 pet Rh thermocouple spot welded to the face of 
f nd dilatometer measurements the specimen away from the X-ray beam. Unless 
ified, the temperatures listed refer to 
Experimental Procedure y at the center of the notch. The 
t 1] used was AISI 1090 steel in both specimen mounting allowed for tensile loading 
. , ba It was austenitized at through a lever arrangement from outside the 
; \ ) Cc) { air cooled prior to testing vacuum without interrupting the X-ray measure- 
vj et ests: The ecimens were flat ments. The whole vacuum furnace and loading 
n. thick g and 9/16 in. wide mechanism was mounted on a focusing Geiger- 
i at the : Fig 1. They were counter X-ray spectrometer so that the diffraction 
ert P constructed vacuum pattern could be recorded continuously during the 
e and heats ele al conduction. Becaus« test. The X-ray beam is constrained to the hori- 
, . luct f the copper electrodes zontal plane. The peak intensities of the X-ray dif- 
P ; f the spec en and. ever re im- fraction lines from the austenite, y phase (111) 
. educed ct ection at the curved and/or (200) planes, and from the ferrite, a phase 
. eratu nstant alor he (110), were used as measures of the amounts of the 
aactu eal lue at the center of two phases present. Specimens were heated to 
ff toward the ends. The size of 1650°F (900°C) for 15 mm, then cooled to the test- 
: te hows that dif ing temperature, and either held there or cooled 
: gion of the gradually through the transformation region under 
; , ild be ad ted in mount- constant load 


Tensile Tests: Standard tensile bars of 0.505 in 
diam were heated by a concentric electric heater 
while mounted on a conventional testing machine 
Fiducial circles 0.100 in. apart were inscribed along 
the gage length. Specimens were held at 1650°F 
(900°C) for 30 min. then cooled to the testing 


tem- 
perature. Bars were pulled to fracture at tempera- 
tures of 1300° (704°C), 1320° (716°C), and 1340°F 
(727°C) (these temperatures were based on the 
X-ray and dilatometer results), and immediately 
quenched an a blast 
Microstructural Examination: After testing, the 
tensile bars and X-ray specimens were mechanic- 
ally x hed and etched in 1 pct nital or alkaline 


lium picrate. Quantitative determinations of car- 


bides in the strained regions were made by lineal 


analysis. Both light and electron micrographs were 
prepared to illustrate the reaction under stress 
Dilatometry Dilatometer measurements were 


made in a clear fused-quartz dilatometer at various 


cooling rates from 60° to 1°F per min 


Fig 1—X-roy specimen Results 
after loading to 12,200 
psi. The light bands ore 


There were several effects of stress observed de- 


the regions of severe plas pending on the temperature during stress and 
whether or not the temperature was held constant or 


tic deformation which oc 
cur just abowe the A 
temperoture. Scole is in 


inches 


rene 


220 ae mo bes seo 400 


Fig. 2—Calculated percentage of ferrite vs temperature, show 
ing the effect of stress on the austenite to ferrite transforme 
tion for a cooling rate of about SO°F per min. A slower 
cooling at about 4°F per min couses the curve for no load to 
coincide with the 10,700 psi curve 
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o—Center of speci- 
men where tempera 
ture wos well above 
A. 


In each case, the effects were 
30 in all being 


varied during stress 
repeated on several specimens, some 
tested 

Keorientation of Austenite Well Above the A 
(1325°F) In the X-ray apparatus a 
specimen was held at 1365°F (740°C) after austenit- 
t 1650°F (900°C) 3efore loading, the 


ig at 


7 
iemperature 


sha 
phase (111) diffraction line had a peak intensity 
(on an arbitrary scale) of 80, while the (200) line 
had a peak intensity of 53. When a tensile load of 
7000 psi was applied, the peak intensity of the (111) 
line decreased from 80 to 42 and the peak intensity 
of the (200) line increased from 53 to 76. When the 
specimen was recycled through the heating and 
loading operations, the same results were observed 
each time. The experimental conditions did not 
allow a determination of whether the austenite lat- 
tice was rotating during slip or whether there was 


rapid recrystallization with a preferred orientation 
resulting. This change in the relative intensity of the 
X-ray diffraction lines is similar to the change cor- 


development of “cube texture” 


copper on annealing after severe 


responding to the 
in metals such as 
reduction by rolling 


Acceleration of Equilibrium Conditions at Ar*: An 


X-ray specimen was cooled at about 50°F per min 
from 1340° (730°C) to 1240°F (670°C) with the 
Geiger-counter spectrometer set at a position to re- 
cord the changing peak intensity of the ferrite, a 
phase (110) diffraction line as the temperature wa 
lowered. At 1240°F, the a phase (110) line had 
corresponding to 


of ferrite \ 


reached its maximum intensity 
100 pet ferrite. The curve of percentage 
temperature during cooling is plotted in Fig. 2 in 
which the percentage of ferrite was obtained by 
scaling the measured peak intensity at each ten 
ature to the peak intensity at 1240°F as 100 pct fer- 
rite. From Fig. 2, the Ar temperature appears 
approximately 1305°F (708°C) which temperature 
was substantiated by dilatometer measurements. The 
experiment was repeated with the same cooling rate 
but with the specimen loaded to 10,700 psi and the 
results plotted in Fig. 2 


10,700 psi raised Ar by about 18 


the specimen t 


(10°C) for the 


50°F per min cooling. As the cooling rate was re- 


Loading 


iuced, Ar approached A, and the curve for an un- 
tressed specimen cooled at only 4°F per min (not 
shown in Fig. 2) very nearly 
irve for 10,700 psi load 

Other Effects at Ar: The stress necessary to cause 
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coincides with the 


b—Region of plastic 
deformation where 
femperature was 
within about 5°F of 
A 


Fig. 4—Electron micrograph of region b in Fig. 3 


plastic deformation (yielding) has a minimum value 


just above A, temperature, and stre appears to 
raise A, slightly. The experiment described herein 
was based on the observation of bands of sever: 


shown in Fig. 1 when 
12,000 psi at 


plastic yielding such as are 
specimens were loaded with more than 
temperature 


ature at the center 


well above A The highe the temper 
of the notch, the further from the 


center the bands appeared. As des« ed in the ex- 
perimental procedure, the X-ray beam cain be set t 
ield information about any desired portion of the 


notched region. For thi the thermo 
couple was mounted near the end of the notch rathe 


than at the center and the X-ray beam diffracted 


experiment 


from the same region. With the end of the notch 
adjusted to just above the A, temperature, the cen 
ter of the notct bviously w be well above A 
(optical pyrometer measurements indicated it was 


about 25°F above A.) while outside the notch the 
temperature will be below A,. For a specimen held 
in this condition, the X-ray pattern before loading 
showed both phase and a phase diffraction lines 
Upon loading to 12,000 psi or over, there was sudden 
vielding, not at the center of the specimen but at the 

h are visible in Fig. 1. The X-ray 
howed an increase in the 
(110) line and decrease in 


two bands 
record during this time 


intensity of the 
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Fig. 3—Micrographs of X-ray specimen stressed at 12,200 psi 
a 
* Ar is the temperature at which transformation commences dur 
& 


i | 
x 

Os Fee (CHES 


Fig. 5—Stress m tensile bor of time of frecture lt L. is the 

od at frocture im psi ond A. is the cross-sectional areca of 
the specomen of the distance n trom trocture, then the col 
sted stress L. ot A. L./A This the on the 


graph The coorse structure spheroidized as 
Fig 3b oF very arse peartite 
‘ na ex 
‘ ve ict 
é ease in i 
the re he +} 
ip? ta itte 
r at trie ‘ ‘ ere 
jal art 4 tre tod 
‘ j ‘ ‘ 
an ele pl f th 
ent ] ‘ i te ] 
‘ lied at 
j 
bar pulled a 
‘ ‘ ‘ ‘ 
il 
‘ j tre ‘ 
‘ ‘ x 
‘ ‘ i 4 
| 
‘ 
Discussion and Conclusions 
‘ ‘ ‘ ‘ ‘ ‘ j 
‘ ‘ rhe te ‘ tre 
jou ilv ente it 
able f +> ate the 
emt ve vas tia tat 
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X-ray specimens and the standard tensile bars. In 


each instance, it is presumed that slip takes place 


n the phase along the (111) planes. When the 
temperature is well above A,, this slip leads to re- 


ientation of the lattice which is not surprising, 
ince it is well known that working will often cause 
ecrystallization and preferred orientation in metals 
The high temperature X-ray method offers a very 


onvenient way of observing such effects, inasmuch 


as the reorientation can be examined continuously 
juring the experiment rather than after the effects 


have taken place 
The acceleration of equilibrium conditions Dy 


tress during cooling can be explained by the stress 
ipplying necessary energy for nucleation and 


growth of the ferrite phase. As was described pre- 
iously, small stress does not raise Ar above A, but 
hastens the occurrence of the transformation 


erature where it normally occurs if cooled 


at iently slow rate 
a critical load is applied just above A, sud- 
len plastic deformation takes place, A, is raised by 
Ips ximately 5°F, and large carbides are precip!- 
tated. Two possible mechanisms for such reactions 
‘ iggested. The sudden yielding may lead to a 
large number of dislocations in the y phase. From 


work reported by Buffington and Cohen,’ it is known 


that the self-diffusion rate of iron increases rapidly 
with increasing strain rate; thus the diffusion rate 
f carbon might be expected to increase also The 
ypid diffusion of carbon to dislocations would de- 
ete the remaining austenite of carbon and lead 
nstability of the y phase with ensuing transfor- 
at n to the » phase 
The other mechanism is based on a reaction sim- 
ir to the kr shear transformation from austen- 
te artensi n suitable alloy After sl the 
phase along (111) planes, some of the atoms 
yproximately in the proper positions fo! 
hase. Such an atomic arrangement would not favor 
r a n at emaining in the interstices inis 
ipied wit? the rapid liffusion ate of carbdor 
ul eiaiur could ve well lead to the precipi- 
tatior f arge carbides and tabilization of the 
tor tr “phase px tior The crease of A 
F and the critical value of stress fit u 
with U explanation better than with the previous 
ne. For instance, when the temperature is too far 
bove A.. the carbon will not tend to precipitate and 
tr ttice will revert to the phase Also, the stre 
‘ ed to cause the prope lip of the y-phase lat- 
tice t make the atomic arra ment sir ir to that 
{f the phase would be expected to have a tica 
rt Howeve the authors are not attempting at 
it st ne ) the the f these ex- 
it it mere! to present then Si- 
tle 
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Some Characteristics of the Isothermal 
Martensitic Transformation 


The isothermal formation of martensite is studied in Fe-Ni-Mn and Fe-Mn-C 
alloys under conditions where the athermal transformation is completely avoided, 
there being no martensite present at the beginning of the isothermal reaction. The 
initial rate of martensite formation is extremely low under these conditions, but it 
increases greatly as soon as some martensite is formed. It appears that true initial 
characteristics of the isothermal reaction can be studied only in samples wherein 
the formation of martensite on cooling is completely eliminated 


T ‘HE phenomenon of isothermal martensite forma- 
tion is well established but the observations 
have been made in the presence of varying quan- 


plete avoidance 


martensite and the formation of mar- 


tensite under pure isothermal conditions have been 
reported by Kurdjumov and Maksimova’ in an Fe 

Ni-Mn alloy (23 pct Ni, 3.4 pct Mn, and the balance 
Fe) and have been confirmed by recent experiments 
yf Cech and Hollomon* in a similar alloy. In each 
case, the isothermal transformation rate was a max- 


imum at the beginning of the transformation and 


decreased as the reaction proceeded. These initial 
transformation rates were used by Fisher’ for the 
confirmation of calculated nucleation rates based on 
classical nucleation theory extended to include the 
effect of elastic strain energy. Cech and Hollomon 
have admitted, however, that up to 3 pct martensite 
formed on cooling in their samples and thus wa 
present at the initiation of their isothermal runs 

In this paper, experiments on similar alloys ars 


lescribed, except that care was taken to rernove the 


incidental martensite developed at the surface prior 


to the isothermal reaction. It is shown here that the 
reaction rate at the beginning of the strictly iso- 
thermal reaction is very low As soon as some de- 
tectable amount of martensite is produced, the trans- 
formation rate increases rapidly but ultimately de- 
creases as the reaction proceeds. When martensite 

allowed to form isothermally in the presence of about 
2 pct of prior martensite, the apparent initial react 

rate is a maximum and corresponds to the observa- 


tions of Kurdjumov and Maksimova and Cech and 
Hollomon. It is evident that the cooperative nature 


of the martensitic reaction results in a significant 
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Table |. Chemical Composition of Alloys, Pct 


Mo Ni ‘ si 
62 0.01¢ 04 0.001 0.015 
22 9 

24 


stimulating or autocatalytic effect on the isothermal 


reaction rate 
Experimental Procedure 

The chemical compositions of the alloys used in 
this investigation are listed in Table l. The Fe-Ni-Mn 
alloys A and B were melted in an induction furnace, 
ca into ingots 2 in. diam by 4 in. long, and forged 
nt » in. diam rods. The manganese steel (alloy C) 
was melted in an arc furnace and cast into ceramik 
molds 44 in. diam by 5 in. long. The rods were sealed 
in evacuated Vycor tubes and homogenized at 1175 
» 1200°C for 59 hr. The long homogenization re 
ilted in some manganese loss from the surface, pro 
ducing a thin laye of transformed mate al I} 
surface layer was removed by grinding and the 
pecimens were then swaged to 0.050 in. diam wire 

Measurements of electrical resistance were made 
with a Kelvin double bridge to follow the course of 
the martensitic transformation. A small permanent 
magnet was also usetu n scanning an entire per 
me for small localized quantities of martensite 
Tr test almost as sensitive as the electrical re 
stance method in detecting the presence of maz 
tensite (which is ferromagnetic in these alloys) and 
t was especia isef in deciding whether a spe« 
men wa ‘ free of martensite The wire 
pecimen (0.050 in. diam by 2.5 in. long) were 
ealed in evacuated tubes and austenitized for 5 min 
t 1150°C. The specimens were quenched into water 
ar anile therwise stated, str« -relieved for 1 hr 
at 650°C in orde to induce greater uniformity in 
the subsequent martensitic transformation. As dem- 
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ate yuenching tresses were ftound 
I ar mation across the sec- 
he spe er Elect al re tance measure- 
am eda fur yn of time at 196 
i the tance hang were calibrated 
arte ef ation t alr @tal- 
. f the transf ed sample 
‘ i wa it pet artensite 
iff t ss dau g tm 
‘ tube trie of 
‘ srter te fal re ir! ‘ neg ‘ 
‘ ‘ ture If the ‘ ere eCc- 
ed ‘ U.UUS 
j 4 tre ‘ va 
erature Will it ar 
te.” i? Na hecked 
‘ ‘ +} err 
+} 
‘ e} ed alized 
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the ‘ the trar = 
{ P ‘ ‘ ‘ 
it ‘ ire ‘ me 
ned ira tre ited 
he nt t led 
‘ a iff ent it 1 
i it ne it 
w the ‘ f the the al 
t without my atior prior 
t ‘ ) the elect il e- 
f time ip t 
und the et fort n proceeded 
+} ‘ ‘ At 152 C the re 
le fasts but even here (Fig 


vet 


Fig. 1—Isothermal transformation curves at ndicated temperatures 


for somples martensite 
incubation period and the early transformation 


Insert figure shows the 
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Fig. 2—Tronstormation. temperature-time curves showing progress of 
isothermal martensite formation in samples containing no initial 
martensite 


1, insert) the initial reaction rate was small. The re- 
action rate was a maximum, and the incubation a 
minimum at 140°C; at higher temperature the 
rate decreased. In each case, however, thers 
was an apparent induction period in which no mar- 
tensite was detected i 
ation were also reported by 


and Speich* for an Fe-Cr-Ni alloy, but they felt that 


Induction periods in the iso- 


their experimental observations were uncertain in 
th espect 


ed to detect the first trace of mar- 


ter sformation in the present work) 
The horizontal line at ea h tem- 
pe the range of values obtained 
{ riod in 3 to 5 different speci- 
e! The time to reach temperature, about 10 sec, 
Was ibtracted in each instance The variation of 
the incubation period from piece to piece is prob- 
adiy Cause d by small diffe rences in chemica com- 
t tion, inasmuch as the tior critically 
lependent on the alloy con enera! C-shape 
f the transformation-temperature-time curve in 
Fig. 2 is similar in form to findings of Cech and 
Hi ymon.” 
The effect of martensite formed prior to the 1so- 
thermal! transformation is indicated by the follow- 
ng ment specimen were yuenched into 


en and held long enough to develop 1.5 


g 
te martensite. Each specimen was then up- 
quenched to higher temperatures and the isothermal! 
martensitic transformation observed. Fig lemon- 
trate that the nductior period prev i ob- 
served have disappeared and t the initia tes of 
martensite formation have become much more rapid 
han at the equivalent ten atures in Fig. 1 These 
lata check reasonably well with those j{ esented b 
Kurdjumov and Maksimova and Cech and Hollomon 
It should be noted that the final amounts of trans- 

at r pi duct ire about the same to! each of 
the esponding temperatures u igs. 1 and 
the nitial rates of transformati are, however 
juite aiferent 


It was recognized that the stress-relieving heat 


treatment at 650°C might introduce a stabilization 
phenomenon which could affect the transformatior 
In order to investigate this point, two specimens 
were austenitized at 1150°C and quenched One 
(specimen 1) was stress relieved at 650°C, electro- 
« hed. and then reacted at 196 ¢ The other 
(specimen 2) had ar jentical treatment except that 
the stres elieving was < tted The transforma- 
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rt 
\ 
y 
¢ 
oa heal 
in he st i 
tion curves are shown in Fig. ine stre elnever 


and the nonstress-relieved samples have induction 
periods of 28 and 18 min, respectively, and the latter _ er: 
eact somewhat more rapidly than the others on ~~ al — 
subsequent holding. This difference is due primarily E , ee 

stresses in the central region of the = - 

specimen. It is known that tensile 32: 

promote the martensitic transforma- 

phenomenon is operative in the pres- rs 
ent alloys to a marked degree, unless stress relieving - : NICAL 
s introduced. Fig. 5 shows the entire cross-section P 
of a specimen isothermally transformed without 
tress relhef; the preponderance of martensite in the 
center is evident. Stress-relieved specimens display ‘ 

more uniform reaction over the cross-section and . — "7 
the measured rates are more self-consistent. It is a yp 
considered, therefore, that the transformation curves 
n Fig. 1 represent the true isothermal reaction in Fig. 4—Effect of stress relief om mortensite formation at 
pecimens which are initially free of martensite and 196°C 
ibstantially free of quenching stresses. It is clear 
maximum rate of transformation should decrease 


also that the incubation in the isothermal reaction 
ot caused by stabilization during the stress reliev- with increasing alloy content, but that the tempera- 


ng because the incubation is observed when the ture corresponding to the maximum rate should 
tress relieving is omitted remain virtually unchanged. The latter prediction is 
Alloy B did not transform above or at the tem- contrary to the marked variation in T,. as a function 
perature of liquid nitrogen, but it did form marten- of manganese content indicated in rig. 6 
site when stressed at the latte: temperature mince It is also possible to avoid martensite formation on 
alloys A, B, and those used by Kurdjumov and Mak- subcooling in an alloy containing 5.24 pet Mn and 
mova and Cech and Hollomon have almost identi- 1.10 pet C (alloy C). Fig. 7 shows that this material , 
al nickel contents, the temperature (T..) at whict exhibits a substantial incubation period (about 20 
the maximum rate of isothermal transformation oc- min at —196°C) and then transforms isothermally 
irs was plotted as a function of manganese content like alloy A. The reactior extremely sensitive t 
in Fig. 6. The compositions were adjusted to 23.0 composition, different pieces of the same bar dis- 
pet Ni by assuming that 1 pct Mn is twice as effec- playing large variations in transformation behavior 
tive as 1 pet Ni.” It is evident that T.. is strongly A small increase in carbon content sufficient to 
dependent on the manganese content, and the dis- nhibit the transformatior mpletely while a 
crepancie in the literature on Fe-Ni-Mn alloys mal] decrease in carbon brings the M, into the tem- 
hus are explainable on the basis of slight variatior perature range of interest here and it becomes im 
n composition. The classical nucleation theory possible to avoid the athermal reaction prior to the 
for substitutional iron-base alloys predicts that the othermal transformation 


Discussion of Results 
*c | These data indicate that in certain alloy marten 


e can form by a completely isothermal process. In 


the absence of initial marte te produced on cool 
r there is an induction period in the isothermal 
—_ t formation wherein no martensite (within a 
ensitivity of 0.2 pct tranformation) is observed 
] On the other hand n the presence of 1 to 2 pet 
martensite, the reaction rat a maximum at 
the beyvinning of the isothermal transformation 
= 
. Fig, 5—Distribution 
| of martensite formed 
tsothermally (100 min 
ot 196°C mia 
3620 quenched specimen 
without stress relief 
Alloy A (23.2 pct Ni 
362 pct Mn), long: 
tudinal section 
etched with Vilella'’s 
reagent X75. 
reduced approx: 
motely 25 pct for re 
production 
¥ vin 
Fig. 3—I\sothermal transformation curves at indicated tem 
perotures for samples with 1.5 to 2 pct initio! mortensite 
Insert figure shows the absence of an incubotion period im 
the early transformation 
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‘4 zis 
we nTENT 
| 
} 
| Fig. 7—Isothermal formation of mortensite im manganese 
| steel! ot 196°C in a sample containing no initio! marten 
site 
| 
= ge if appreciable transformatior to occur witl 
nvenient pe i f time at ibzero tempera- 
‘ ement t met r clia- 
few 
The r tude of AF, for the alloy A studied here 
wa N tumated m the initiai rate I thermal 
N a at It imed that it r t 
r t it tr ite nucieauor N) constant 
- the ¢ t detectable amount of martensite (0 
ia; or 
VAN 
002 \ fll 
Fig. &—Temperoture T moximum rote sothermol 
martensite formation im Fe-Ni Ma alloys 
wnerTre .N nuclei per cu cm per set is the volume 
t Ac ir t met grap. meas- 
hy ry nd 8x10 ry the 
K 
te din each ternit g iit } te of 
pt it a \ ime of tne 
+) the me fi each eact r 
‘ good iwwreement with the 
t ted by Fishe although |} inaly- 
ech and H mon data results in an un- 
pected 1.4 to 6.9 pct, dependiz nm the 
ction temp. ture 
The ‘ icleat l¢ ved from Eq l are 
fs it tha the Cech and H ate 
t! Fis! ilculatior N elated t 
N ex [2 
‘ t where number prefe ed t ‘ icn 
If the frequet taken as 10 
the ement of free Table Ii. Initial Nucleotion Rotes and Activation Energies for 
e ild e proba lsotherme! Martensite Formation Alloy A 23.2 pct Ni, 3.62 pct Mn 
sma the , ted 
Tem Nuclei 
wit ‘ ‘ See Cm per See Re Cal per Me) 
+} stior 
+ 2 a o 
nt trae « eatics - 
nm ¢t? \F must 22 a4 
othermal transformat ‘ar he tos 
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Technical Note 


Melting Point of Germanium and the Constitution of Some Ge-Ga Alloys 


| HIS not a ts a determinatior i the meliting rr phere Temperature were letermined with a 
point I ermaniun and the iiquidu t the * t-Rh therr iple protected t a Silica sheatl 


constants of the a phase are brated against Nation reau 
Standard alibrated couple and also against the 
rhe a were prepared by melting germanium freezing point f copper, silver, aluminum, and the 
20 ohr m resistivity) and gallium (99.6 pct) in , wt pet Cu, 71.9 wt pet Ag alloy eutectic 
evacuated silica tube The materials (50 to 70 g) rhe samples f X-ray analysis were prepared by 
were heated at 1000°C, held in the liquid state for heating small piece f the ingots in evacuated glass 
about at ur her ooled ipidiy in the tube r quartz tube it temperatures between 600° and 
nt n the liquidus were btained by thermal 900°C for pe i inging from 2 hr to 22 day 
whict ! ted of obtaining time-temper periods deemed sufficient for equilibrium to be at- 
ature data du g heating and cooling the mate i tained, followed by quenching in water. The heat 
high purity graphite crucibles and a helium at treated samples were ground to powder for X-ray 
analysi The lattice nstants of the germanium 
E S GREINER. Member AIME, and P. BREIDT. JR are associated ch phase (a) were determined with a back-reflec- 
with Bell Telephone Laboratories inc, Murray Hill, NJ tion focusing amera. The X-ray reflections (331 
TN 251E. Manuscript, Sept. 22, 1954 and 422 Cr Ke, 422 and 333 Cr KB) were corrected 
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Fig. 


Thermal analysis of germanium Time-temperature plots for 


heoting and cooling Pr—Pt Rh thermocouple, reference junction 
at 
efract he f the lattice constant 
‘ rhe ter ature arrest 
tres tne e test ger- 
i t ending upon the 
t of data is plotted 
" germa are ‘ n Table I 
f the the ilibrat Wa 
1e ‘ the me freezing point of 
‘ 937.2 .5°C. Early 
e| he g point of germa- 
the btained 949°C 
‘ i containing 
it ra ed hat discont i 
te tr 1u A Ai ed at thre 
it ‘ el 1 1 DY cle 
ta up t 25 
= it 4 t pet Ga, however, the 
ved rhe yulau ap- 
h 
The highe value is 
t! ef the udu n 
Table | Therma! Analysis Doto 
Gelliam Thermal Arrest 
we Atomic Heating. Cooling, Average 
Ne ret ret ‘ 
4 
9372 
218 
‘ a4 208 
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Fig. 2—Constitution of germanium-rich Ge-Ga alloys. Circles 
represent present investigation, triangles, Klenim et al.” 


5.659 
z 


T T 
Fig. 3—Lottice 
constants of a 5.652@ 
phase Ge-Go al 
| 
= 
r 
a GALLIUM IN ATOM PER CENT 
The lattice constants of a series of Ge-Ga alloys 
ntal g up t 1.30 atomic pct Ga, heated to tem- 
eratures between 600° and 900°C for various peri- 
| ina quenched, are plotted in Fig. 3 The addi- 
nereases the lattice constants of the 
m the ly 0.0004A per! 
at ct Ga. TI if the lattice is 
ialitative evidence that gallium dissolves in solid 
‘ j The trend of the values suggests a solid 
it apr kimately atomic pct Ga at these 
temperature 
jurton, Kolb, Slichter, and Struthers,” from freez- 
experiments, obtained a value of approximately 
) for the listribution coefficient C,/C, of ger- 
" i ha C, and C, are the atom concen- 
trat f um in the solid and liquid at specific 
te ture If a value of 0.1 at 900°C and the 
yuidu entration from Fig. 2 are used, the sol- 
ibility of gallium at this temperature is 1 atom 
t. This value is consistent with the X-ray diffrac- 
tion data 
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Contribution of Crystal Structure to the Hardness of Metals 


By measuring the hardness of metals at temperatures just above and just below their 
allotropic change point, it has been established that crystal structure has a real effect upon 
the strength of metals. The DPH of cobalt, iron, titanium, uranium, and zirconium hove 
been measured at temperatures up to 1000°C. It was found that the body-centered-cubic 
crystal structure is always the softer structure when it is involved in an allotropic trans- 
formation. The close-packed and more complex structures are inherently harder, and may be 
expected, therefore, to be better base materials for high strength alloys. 


T has been observed that for 

the same melting p< , tin and lead, magne- 
sium and aluminum) the metal with the more com- 
plex crystal structure has a higher tensile strength 
It might be asked whether this effect 
the difference in crystal struc- 
what is the contribution of 
strength of these metals. A 
questions can be ob- 
change in hardness pro- 
in metals exhibit- 


metals with nearly 


unt (1.e 


and hardness 
is really caused by 
and, if so, just 


crystal structure to the 


ture 


qualitative answer to these 
iained by measuring the 
duced by the change in structure 
ng allotropic forms 

The evidence for changes in mechanical properties 
tropic transformations is rather 
In 1909, Rosenhain and Humfrey rved that “s” 


on showed much less deformation at the transfor- 


meage! 


luring alk 


obse 


mation temperature than a iron. By means of a 
torsion test, Lee’ found that iron bars were “criti- 
cally plastic” at the a-y transformation temperature 
Sauerwald and Knehar have shown that the dy- 
namic hardness of iron increases between 900° and 


In 1930, Albert Sauveur* presented data on 
the hardness ional strength 
of pure iror ‘At 900°C, 


is accom- 


1000 °C 
strength, and tor 
ip to 1000°C He concluded, 
ron, and this 


. tensile 


: iron transforms into 


panied by increased strength and stiffness and de- 


creased ductility 


The same year, Schi obtained data on the 


hardness of thallium at temperatures above and be- 
low its transformation temperature. His data are 
eplotted on semilogarithmic coordinates as Fig. 1 
The fact that t jata fall on straight lines in this 
type of plot is believed to attest to the purity of hi 
metal and the accuracy of his results. In 1941, Nadai 
and Manjoine” obtained tensile data on pure iron 
with an indicated increase in strength at about 
900°C. These experiments make it quite evident 
that changes in mechanical properties occur when a 
metal transforms from one crystal structure to an- 


other; but, except for Schischokin’s data on thalliun 
seem accurate ern igt to 


magnitude of the 


ne of the measurements 
jetermine the relative 


property change 


Materials 
The metals that have been examined for changs 
n hardness during transformation include 1—as- 


W. CHUBB, Junior Member AIME 
Memorial Institute, Columbus, Ohio 

Discussion on this poper, TP 3906E, may be sent, 2 copies, to 
AIME by Apr. 1, 1955. Mandscript, Mar 10, 1954. Chicogo Meet 
ing, February 1955 
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Tempest 


Fig. 1—Hordness of pure thallium at elevated temperotures 
After Schischokin 


deposited commercial electrolytic cobalt about 99.7 
pct pure, 2 Armco ingot iron, 3—arc-melted iodide 
titanium of a purity in exce of 99.8 pct, 4 ira 
nium of a purity in excess of 99.5 pct, 5—are-melted 
mide zirconium of a purity in exce of 99.8 pct, 
6—annealed, 0.08 pct C mmed steel, and 7—cor 


mercially pure RC55 titanium. While the purity 
the first five of these materials leaves somett? 
erved hard 


accepts d tran 


be desired, it will be noted that the ol 
ness discontinuities occurred at the 

(These 
| arrows in Figs. 1 and 3 throug) 
7.) The last two materials are al alloys 
introduced to show the effect of minor alloying ele- 
ments upon the hot hardness curve 


formation temperature 


indicated by ver 


temperatuges ar 


commerci 


Apparatus 
at elevated temperatures were deter 
if a vacuum hot hardness machine 


features of this 


Hardnesses 
mined by mean 
A diagram showing the basi 
chine appears as Fig. 2. This machine is essentially 
a deadweight hardness machine in a furnace within 
a vacuum chamber. The sapphire-tipped indentor 


ma- 
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OF ag bility with this equipment is 
istrated an 0.08 pct C rimmed 
aeeg) te Fig a composite of two hot 
hardme men, one from 300 
to 800°C a 750° to 950°¢ Tem- 
& ture measurements were accurate t SiV'c 
j er min 
i! typical hot hardnes un, the vacuum cham- 
¢ be evacuated to an absolute pressure of | than 
r Hg The pecimen and indento ire heated 
emperature by mear f radiant energy from a 
mimercial resistance heating unit. The specimer 
emperature measured and the voltage input to 
, he furnace controlled by mear a thermo- 
ne ‘ the pedesta When tl pecimen temper 
j é stu +o) ed at the lesired tempe iture the 
5 edestal unt the pe rr ntact the 
- = 
= ind the indents olumr ff micro- 
tek The ndente and ndent ‘ imy got 
‘ om } ind are ved tk emalr ntact with the 
pt ximately 10 sex A fte sex 
e pedesta owered, the specimen is moved to a 
irs measureme t Cal De 
le at temperature ip to 1000°C 
¥ 
Results of Experiments 
he lat hye ne tha 
Fig 2-—-Hot hardness machine Area reduced approsmotely 
thers wctically no change in DPH during 
80 pct tor reproduction 
I I r nexagonal-<« e-packed 
i ‘ ‘ tered it (F f Arm on the 
te te ‘ for? f n bod entered-cubic face- 
‘ it my a threef 1 i 
‘ ‘ ‘ ele F 4) tha irr tita 
ea ide the insformat m hex na 
‘ ‘ 1? } entered Te mpanied 
eported i decrease hardne (F 5, and 
ed by ir the transf ry mplex 
? iv-centered pa ed 
‘ ‘ ‘ } iness of al it 25 tirne Fig. 6) 
take nt f } me il a ¥ carbon mild 
R¢ titanium, ; ided in F 4 and 
" +} Fort f impuritie ind mir 
ipon the hot hardne irve. In gen- 
elements tend t ve f the 
" ‘ hardne irve and tend t bscure the 
‘ 
\ 
\ 3 
| 
4 
4 ~ 
9 
‘ 
Fig }—Herdness of electrolytic cobelt of elevated tempero 


tures 
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Fig 4—Hardness of iron at elevated temperatures 
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Fig. 5—Hardness of titanium at elevated temperatures 
mechanical property changes at the transformation 
temperature 
In each case, the data are plotted on semiloga- 
thmic coordinate This method of presentatior 
has the advantage that much of the data seem t fall 
n straight lines. While o explanation for tt 
traight-line relationship has been established, on 
f the breaks’ occurs at 0.55 of the melting point 
(which temperature known as the equ nesive 
temperature) and anothe oincides with allotropx 
transformatior For alloys, deviations from line- 
arity also occur as a result of precipitation phenom- 
ena m tf ncidence, it might be supposed 
that the straight-line portions of the curves corre- 
pond to temperature ranges in which there no 
gnificant change in modes of crystal deformation 
An analvsis of Fig. 4 will disclose that @ iron, as 
represented by Armco iron, continues to soften be- 
tween 730° and 900°C and that at 900°C y iron 
harder than a iron at 730°C In a 0.08 pet + tee] 
inder equilibrium conditions, somewhat Ik than 
20 pct y iron will coexist with a iron at 825°C. Since 
1 few hard particles in a soft matrix do not contrib- 


ite much to the hardness of the whole, the hardness 


irve below 825°C essentially the hardness curve 
for a iron. It may be concluded from this that the 
weakness of low carbon steels in their transforma 
tion range is caused to a great extent by the oftness 
f a iron at these temperatures 
\ llustrated in the introduction, there good 
orrelation between these hardne data and other 
mechanical propertie however, the correlation 
with other pl cal properties is poor. Many of the 
physical properties of metals change during an allo- 
tropic transformation, but there seems to be liftle 
correlation with mechanical properties. For exam- 
ple. the density of titanium and zirconium increases 
as the hardnes ljecreases in transformatior the 
density of iron increases as the hardness increases 


in transformation 


These experiments show that the hardness changes 
caused by allotropic transformation are related to 
the type of transformation; the relative magnitude 
if the property change appears to be a character- 


stic of the crystal structure change. The body-cen- 
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Fig. 6—Hardness of uranium at elevated temperatures 
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Fig. 7—Hardness of iodide zirconium ot elevated tempera 
tures 


tered-cubic crystal structure is always the softer 
tructure involved in a transformation 
The face-centered-cubic and 
packed lattices have approximately the 
tural strength and contribute more to the hardness 
of metals than the body-centered-cubic lattice 
Highly although less dense, con- 
ibute even more to the strength of a metal Each 
structure ibutes characteristically to 
the strength of an alloy. However, several other 
such as the melting point, are involved in 
the strength of a meta © that it does not follow 


wher 
re xagonal-close- 
same struc- 


complex lattice 


factors, 
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face-centered-cubic metal must alwa be if Irom and Steel. (1935) p. 123, Fig. 94. The University 
I Wiar body entered met It Pres 
sggested. however. that for those metals that ex F. Sauerwald and K. Knehans: The Temperature 
sllotros forn : ve based on the stronge: Dependence of the Hardness of Metals with Relatior 
to Hot Working. Ztsch. fiir Anorg. Allgem. Chemie 
at A, nave an r al advantage over! Nose 
1924) 140, p. 227 
attice rt fa A. Sauveur: Steel at Elevated Temperatures. Trans 
i , ace-centered-cubi tenitic” alloy American Society for Steel Treating (1930) 17, p. 410 
: 1 to Na bette high temperature W. Schischokin: The Hardness and Extrusion Pres- 
t t han body-centered-cubic “fe tic’ alloys ire of Metals at Various Temperatures. Ztsch. fir 
inorg. Allgem. Chemie (1930) 189, p. 263 
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Study of the Effect of Boron on The 


Decomposition of Austenite 


Boron increases the hardenability of hypoeutectoid steels by decreasing the nucleation 
rate of ferrite and bainite. It is postulated that concentrations of lattice imperfections, 
such as exist at the grain boundaries, furnish the necessary energy for nucleus formation 
Boron, because of its atomic diameter, will concentrate at lattice imperfections where sites 
of suitable size are present. Boron will decrease the energy of these local areas by occu 
pying these sites. This mechanism accounts for the large- increase in hardenability ob- 
served with small amounts of boron. The loss of the boron hardenability effect and the 
boron precipitate formation are explained on the basis of increased concentration of boron 
at the grain boundaries either with increasing boron content of the material or with in 


creasing temperature. 


Byes alloying elements affect both the nu- 
cleation and growth rates of the austenite de- 
composition reactions.’ This effect is largely a result 
of the slow diffusion rates of these elements. Al- 
though a small addition of boron markedly increases 
the hardenability of diffusion rate of 
which is of the same order of magnitude as 
that of carbon, can hardly account for this effect 


An addition of boron in the range of 0.001 to 0.003 


steel, the 


boron 


pet is about as effective as an addition of 0.30 pe 
Mo, 0.40 pet Cr, or 1.25 pet Ni in increasing the 
hardenability of a 0.40 pct C however, in- 
creasing the carbon content of the steel decreases 
the eff of the boron addition.” 
The difficulty in understanding why so 


iddition of boron can replace 


steel 


sctiveness 
small an 
much larger quanti- 
strategic alloys, together with the 
sometimes encountered in boron- 
interfered with their 
acceptance by industry. In the belief that an under- 
standing of the mechanism by which boron increases 
the hardenability of steel should lead to a more 


general acce 


erratic behavior 


treated steels, has general 


ttance of boron-treated steels, a re- 
investigation to determine this mechanism 
was undertaken at Battelle Memorial Institute un- 
ier sponsorship of Wright Air Development Center 
Experimental Work 


In order to study the effect of boron on the trans- 


} 
search t 


formation of austenite to ferrite and bainite, a group 


of steels was made with a basic composition simila 
» that of the SAE 8600 series. This base compo 
tion was chosen because it has sufficient harder 
ability to permit accurate measurement of the time 
required for transformation to start at various tem- 
peratures. The chemical analyses of the steels used 


n the first part of this investigation are listed in 


These steels were made as 200 lb heats in an 


nduction furnace. The furnace charge was Armco 
ir t iron with the alloying elements added as 
ferroallovs. After the alloy additions were made 


the heat was deoxidized with 0.125 pct Al. A 100 
lb ingot was cast and an addition of 0.003 pct B, as 

CR SIMCOE, A R ELSEA, Member AIME, ond G K. MANNING, 
Member AIME, are associoted with Battelle Memorial Institute 
Columbus, Ohio 

Discussion on this paper, TP 3923E, may be sent, 2 copies, to 
AIME by Apr. 1, 1955. Monuscript, Apr 6, 1954. Chicago Meet 
ing, February 1955 
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Table |. Chemical Analyses of Experimental Steels 

Steel Analysis, Pet 

Type 
SAE Neo B ‘ Mn si Ni cr Mo r 5s 
8620 85 29 0.51 0.41 0.14 0.012 O2¢ 
100 A 2 0 0.4 0.15 0.012 2 
BA 79 Om 0.15 0.015 02 
BS O02 : 5 ia Olt O2 


erroboron, was made to the metal 


f remaining in the 
furnace. This 


metal was cast into a second 100 Ib 


ingot 

The ingots were forged to 144 in. diam bar stock 
from which end-quench hardenability specimet 
were obtained. Part of this material was further: 


stock from 


isothermal 


in. bar 


obtained for 


reduced by hot rolling to 


which specimens were 
transformation studies 
Studies of Nucleation and Growth 


hardenability 


End quench 
tests were performed on these steel 
tenitizing temperature of 1600°F. The 
shown in Fig. 1, indicate that 
resulted in considerable increase 
hardenability of the 
hardenability must 


USINE an au 
hardenability curves 
boron treatment 

steels Any uch change i 
resuit 


from a change in the 


transformation rate of the austenite, and these rat« 


changes can be established readily by otherma! 
transformation studies 

Isothermal transformation studies were conducted 
on these steels as follow pecimet were auster 
tized at 1600°F for 15 min, transferred to a lead bat! 
operating at a constant jbcritical or intercrit 


held for various 


The specimens were sectioned f 


temperature lengtt of time 
water quenched 
metallographic examination to determine tne 
amount and the type of transformation product 
present 

In order to determine the effect of boron on the 
formation rate of ferrite, isothermal transformatior 
tests were made on the 0.20 pct C steel in both the 
boron-treated and boron-free condition at an inter 
of 1375°F where ferrite is the 
mly decomposition product of this low carbon au 
tenite. The results 


where the percentage 


critical temperature 


of these tests are shown in Fig. 2 
yf ferrite formed is plotted a 


a functi 


ym of time at temperature. It is apparent 
formation 


rate of austenite to ferrite at this temperature 


decreased the tran 
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owe 
Fig. 3--Radius of 
= ticles present os o d 
function of time ot 
8620 and 86820 = / 
- Ture, seconds 
° e ‘ Fig. 4—Number of § e000} 
ferrite particles per Z 
men surface as oa j 
Fig End quench hardenability curves for SAE 8600 series steels function of time ot = i 
with th ndicated carbon contents 1375°F for SAE 
i 
me, 
5 treatment greatly reduced the rate at which new 
/ particles formed. That boron might affect the trans- 
\ formation rate by decreasing the nucleation rate has 
; beer iggested by other investigators,“’ but no 
quantitative data have been presented to ve rify thi: 
simular studies were made on the 0.35 pct C steel. 
both at 1250°F and in the bainite formation tem- 
e iture range at 850°F. The re action rates I aus- 
tenite to ferrite for these steels at 1250°F howr 
n F » The particle radii and the particle count 
i have been p! tted as a function of the reaction time 
n Fig 6 and 7. These data, like those for the 0.20 
a L Lil pet C steel at 1375°F, show that boron had little 
effect on the growth rate but had a cor lerable 
: effect on the rate at which new ferrite particle 
Pig Per entag oustenite transformed to ferrite as o med 


function of tome at 1375°F for SAE 8620 and 86820 steels 
rhe reaction rate of austenite to bainite at 850°F 


at 
the t De 
the boron-treated steel than there were in the 
te ter- ar to that which 
‘ of iustenite te 
le t ndicates that 
t et n of bainite also 
nger time rhe effect of boron on the nucleation rate of fer- 
emperature te can be placed on a semiquantitative bas ising 
ere calcu the mathematical analyses that h: leveloped 
nsforma- for the nucleation and growth processes It is as- 
‘ gnt imed that treating the ferrite particles as pheres 
esent the wtl will not invalidats the calculations Actually, the 
e these ire form a rregu ar-shaped poiygons, at least at the 
e | treat ind higher temperatures. Furthermore. it is assumed 
i little effect that the formation of a small amount of ferrits will 
te nave only a small effect on the composition of the 
! nm the icleatior remaining austenite. Because of these assumptions 
‘ the mathen atical analysis of the ferrits reaction wil] 
igeda ind thie not wield absoluts values for r ucleation ar 1 growth 
: i specimer I ates, but the values obtained sf al furr ha ba 
tt we. In Fig. 4 the for comparing the reaction rates in a boron-treated 
‘ ‘ ta ecimet and a boron-free steel] 
} f t f time at 75°F ¢f The master reaction curve by Johnson and Meh! 
et tent These dat how that boror for general nucleation can be used to determine thy 
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rate of nucleation if the growth rate and the fraction 
These val ies 
have been determined for the 0.20 and the 0.35 pct C 


eels, both in the bk 


of transformed ferrite are known 


rron-treated and untreated con- 
ditions; they are shown in column 3 of Table II 

A method for 
based on grain-boundary 


ve oped DV 


calculating the rate of nucleation 
nucleation has been de- 


Dorn et al.” The rate of nucleation ca: 


be calculated in this manner from a knowledge of 
the fraction transformed and the number of trans- 
formed particles per austenite grain observed on the 


polished surface of the specimen. The rate of nu- 


cleation calculated on this basis is shov in column 


4 of Table II 


A calculated rate of growth also can 


be obtained from the master curves of Dorr These 
Vaiu now' I 5 of Table Il The 
va the expe mentally letermined ite of 
wth are shown in ¢ imn 6. Calculation by either 
method shows that boron }t considerable effect or 
the nucieat ite fe te It must be er na- 
ed, I veve that these ue btained by ca j 
ition are r e€lative value for the boron-treated 
ang a n-tree tee Ac irate methods f i 
ing the fe te reaction have not been devel i 
of } ie? Effect and 
i n Pre tate: As the austenitizing tempera- 
i nere ‘ tne truct e of stee generally be- 
ome me nor j ind the grain b } 
ire jecre ‘ ‘ tir n increased hardenat t 
Howeve tee y exhibit less harde 
it t he yuencheda from temperature 
ximate 2000  F } hye than wher enched 
f m 1600 F Fic 9 and 10 istrate the eact 
med at 1250 F frorr 
I n-treate and =the ntreated steels and fron 
iustenitizing temperatures of 1600° and 2100'F. If, 
fter austenitizing at 2000°F or above, the specimer 
e lowered to 1600°F, the boron hardenability effect 
eturn a » funct of Ti ffect of time 
t 1600 °F n the bainite etior n F 
It } been sl wn by othe nvestigat that a 
ecipitate forn t the iin boundarie ! pe 
mer f bo ! tee! that have been austenitized at 
2000°F, quenched to 1200°F, and held for a short 
time. However, if the specimens are held at 1600°F 
for var time peftore the 1200 treatment the 
amount of t mn precipitate which forms decrea 
as the time at 1600°F ncrease Fig. 12 st ut tne 
nic t t tw mples we yuenche 
ectly from 2100° to 1250°F and the oth wered 
t 600 f 0.000 s« before quenchir to 1250°F 
at 86835 
At 
; 
i / j 
j 
j 
J 
> 


Fig 5—Percentage of oustenite transformed to ferrite as a 
function of time ot 1250°F tor SAE 8635 and 86835 steels 
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Table ti. Values for the Nucleation and Growth of Ferrite 
Calculoted from Isothermal! Transformation Dota 


Cale N 
Johnsen Cale N Experi 
Transfeorma and Mehl Dern’ Cale G mental 
Steel tien Nuclei per Nuclei Dern G 
Type Tempera Cua Mm per Sq Mm Mm per Mm per 
SAE Ne ture, °F per See per Sec See x See x 
8420 1275S 21.50 26 27 
86B20 1375 78 29 55 1.32 
8635 125 6.5% 0.98 
86B35 125 596 10 58 


This behavior of boron steel indicates that the loss 
of the boron effect and the grain boundary concen 
tration of boron, which must precede the precipitate 
occur concurrently 

To study the effect of the 
hardenability and the loss of harden- 
ability at high austenitizing temperatures, a series 
ngots was made from a single 500 Ib heat 
After the heat was deoxidized with 0.125 pct Al 
additions of 0, 0.0008, 0.004, 0.007, and 0.010 pct B 
added to the 


pouring the ingots. The chemical analyses of thes« 


boron content of the 


steel on the 


as ferroboron were furnace prior to 


materials are sted in Table II 

A fte the ngots were forged and rolled to 1! in 
liam ba tock, they were subjected to hardenability 
tests from various austenitizing temperatures, Fig 


hardenability was chosen 


determining accurately 


he« 
the hardenability curves for 
the ime eccul very close to 
the se instances where it can 
be 


Boren 


- 70% 
> 
z 
Tune, te 


Fig. 6—Number of ferrite particles per unit area of specimen 
surface as a function of time at 1250°F for SAE 8635 and 
86835 steels 


é 
3 No Doron bd 
a / of 
d 
cot 
j 
j 
20 
Fo 


me, seconds 


Fig 7 Radius of largest particles present os o function af 
time at 1250°F for SAE 8635 and 86835 steels 
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Teble Chemico!l Anolyses of Single Heat of Steel 


with Five Boron Contents 


Chemical Analyses, Pet 


1% 


Fig 9 


owsten:te trons 


Percentage 


tormed to ferrite m 
boron stee! os oc 
tunction of time of 
1250°F trom ous 
tenitizing fempero 
tures of 1600° ond 
2100°F 
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n Table IV, but the hardenability decreased. This 
decrease in hardenability with increasing grain size 
austenitizing temperature) is typical of most boron 
teels.” 

Small specimens of these steels were subjected to 
the special treatment to develop the boron constitu- 
ent at the grain boundaries. This treatment, devel- 
oped by Grange and Garvey,* consisted of austenitiz- 
ng the specimens at 2300°F for 10 min, lowering the 
temperature to 1200°F for 10 sec, and then quench- 
Metallographic examination of these 
showed that the boron constituent was 
the specirnen which contained only 0.0005 


pet B and that the amount of the boron constituent 


ng in water 
pecimens 
ble in 
ed as the boron content of the steel increased 
14 shows the 
ining 0.0005, 0.003 


boron constituent developed ir 
0.006, and 0.01 pet B 
0.003 pct B steel 
that 


etched area in the 

ic] This behavior 
hardenability is inversely proj 
amount of boron constituent which 


indicates 


not proportional as has been re} 


experiments were conducted on 
ls which had received very small 


range of 0.0001 to 0.0005 


ons of bor 


nm the 


The actual boron contents of these steels could 


Fig 10— Percent 
age of austenite 
transtormed to fer 
rite im nonboron 
steel as a function 
of time at 1250°F 
trom austenitizing 
temperatures of 


1600° and 2100°F 


Auster! red 

tor second 
to 
706 2100 


Fig. 11—Percentage of tronsformation as a function of time at 
850°F after various austenitizing treatments 
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the steel with tl est I mn additior 
4 Wa ed \ The 
ry the pct B P = 
ht t} hat of the 0.0005 pct B tional 
Vi 
temperature was evident at 1600°F. The cipitate, orted in 
ent rhe pet B ‘ther grour 
t} tee esun — ‘ 
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Fig. toge austenite tronstormed to bamite as o func tor 
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1600°F 


Fig. 12—Micrographs showing structure of 0.35 pct C-0.003 pct B steel when austenitized at 2100°F, 
lowered to 1600°F for the indicated times, and quenched into lead bath at 1250°F for 250 sec. Picral 
etch. X1000. Area reduced opproximately 30 pct for reproduction 


not be determined by quantitative analyses because 
the boron content of the steels was below the pre- 
cision of the analytical method used —__| 
End-quench hardenability tests on these steels at | 

an austenitizing temperature of 1600 F showed that 

the full boron hardenability effect was obtained for 
those steels which had received additions of 0.0003 
and 0.0005 pct B. When the austenitizing tempera- 
ture was increased to 2000°F, the steel with the 
nominal boron content of 0.0003 pct showed practi- 
cally no loss in hardenability, as shown in Fig. 15, 
whereas the steel with the nominal boron content of 
0.0005 pct showed an appret iable loss of the boror 
effect. The steel with a nominal boron content olf 


0.0! per cent boron 
ia 


0.0001 pct showed only a slight increase in harden- 


ability over that obtained for the base composition 


at all austenitizing temperatures 


Proposed Mechanism for the Boron Effect = 


The data presented in this paper show conclu- | | 


Oistance to 40, sinteenth of an 


sively that boron increases the hardenability of the 
hypoeutectoid steels by decreasing the nucleation 
rate of ferrite an ain Consequently, any at- 
ature for steel containing various amounts of boron 
must be based on nucleus formation 
Nucleus Formation: Nucleus formation during a be provided for the formation of a new surface, fi 
phase change is largely a matter of concentration, the volume expansion of the new phase, and ft 
configuration, and energy fluctuations The Vol- overcoming the strain energy of the nucleus and the 
mer-Becker theory” * of nucleation states that these parent phase. Areas of high energy exist at the grain 
fluctuations in a stable phase are such that fre- boundaries, at the lattice ites occul ed b) lute 
que ntly local areas acquire the concentration ana atoms, and at other lattice imperfectior Phe eat 
configuration of a lower temperature phase; these est concentration of imperfection at the grail 
areas are termed “germ nuclei” or “embry¢ For boundaries and it here t transformation ger 
an embryo to become a stable nucleus at some lower = ull cart ~ ; 
temperature, it must exceed a certain critical size had +. she 
for that particular temperature. A smaller embryo ~“ ne diameter of the boron atom to th . 
may either redissolve or, through some mechanism, ipproximat irge nt 
ncerease in size to become a stable nuc leus aton where the af 
Concentration fluctuations in austenite result from mall i : abstitutiona tor where ti 
random diffusion of carbon and other elements; the nould be eats the be 
configuration fluctuations are caused by the thermal not well suited for either interstitial « sbstitut 
vibrations of the lattice. However, before an embryo olution 
can become a stable nucleus, in addition to the It is postulated that the t boron atoms that are 
proper concentration and configuration, energy must introduced will tend to occupy sites near lattice in 
perfections, where the atomic spacing it tv 


Table 1V. ASTM Groin Size Numbers for SAE 8635 Stee! lated es 
with Vorious Boron Contents (0.5 Hr ot Temperature t grain boundarie nd that the presence of boror 


atoms in these sits will lower the energy peaks of 

Austenitizing Temperetere. °F these local area Furthe widition of boron con 

Beren Content, Pet tinue to lower the energy it the boundarie 
and at the sites of oth attice imperfectior int 
0 Ou00 ” 7 6 those sites which can readily accommodate the boron 

0.003 ¥ " 5 atoms are filled. After this boron content has been 
5 

reached, any a onal boron atoms will be forced 

into less desirable te wit? trie esult that the 
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st th ain bour ‘ nm n 4 
jing t hve tulate. the ; bour gethe with the fact that any b« mn steel must be 
tr re sted t a re at ve n gr te mpe a t bet it t? 
mat te perature a funct constituent car De levelopeda at the grair 
st hemat n Fis boundarl trongly uggests that n concen- 
the enc at the sir trate at the grain boundari wit! ncreasing 
i ot} ttice imperfectior hat istenitizing temperature. ihis increas boror 
mp 
tal ‘oncentration at the grain boundaries with increas- 
he er f these ttice imperfectior ng austenitizing temperature is shown schematically 
n F 
e the 1 eatior te ff te Fig. is 
} the | tent exces On direct quenching, the boron distribution whict 
mr jated + +) ry estat hed at a high austenitizing tempt ture 
al 
‘ ma wwe the stra re A be retained to the transformation temperatu 
te hase at the i If tt : mn concentration at the grain boundari 
‘ nish ¢ ‘ eeds that amount which result n the n muff 
the + un bounda energy, there w be a : n the 
ea 
nit effect. Howeve f after austenit ne at i 
‘ 
mh tempe ture the tempe yture vwereda t 
iste tizing tempe ature and heiada ! 
— eriod of time to permit redistribution of the be 
} accompanying ecovery of the denat 
+} ‘ ffect will result as shown t lata in Figs. 11 and 12 
‘ that . The po tulated mechar m for the t m } ler 
r 
— 
~ 
‘ 
\ \ 5 pe od 
a” 20} | 
\ 
+) nis = se} 
‘ tae ‘ — 
i 
‘ 
" Fig. 15—End-quench hardenability curves on steels of very low 
tne boron contents when austenitized ond quenched from 2000° F 


b—0.003 pct 8 


d—00! pct 8B 


* 


Fig. 14—Micrographs showing boron constituent devel ped im steels of voriows boron contents /so 
thermo! specimens, oustenitized ot 2300°F for 10 min, lowered to 1200°F for 10 sec Picral etch 
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Berer Concestretion ® 
Fig. 16—Schematic representation of grain boundary energy avail Fig) 17—Schemotic representation of boron concentration at 
able for nucleation as a function of boron concentration at a the grain boundary as a function of boron content of the steel 
subcritical transformation temperoture 


ability effect suggests that a steel containing a ce 

tain small but critical amount of boron (that 

which would result in the minimum grain be 

energy available for nucleation at the 

tion temperature) would show the maximum b« 

hardenability effect and that this hardenat 

effect could be retained to fairly high austenit 

temperatures. This behavior was exhibited by a stee] 

which had received an addition of 0.0003 pct B; and 
unusual in actual steelmaking practice 
recovery of the boron, it is probable that 
boron content of this steel was less than 

U.UUUS5 pet ith this small critical boron conten 

number of boron atoms is of the sarne | 

nitude as the number of lattice imperfections th: r 


are estimated to be present in austenite. Thus, tl Mctin id 
amount boron required te achieve 
of boron req ed Fig. 18—Schematic representation of boron concentration at 


Tact see « ¢ eicter 
hardenability effect seems to be consisten the grain boundary as a function of austenitizing temperature 
»stulate that the effective boron is located 


the 


tice imperfections ucleation. Thes npert ys occur it 
The 


Conclusions 
‘he principal conclusions of this invest i austenitizing proximately 2000°F a: 
olloWs basi f reased r oncent 
Experimental evidence shows tl 
the hardenability of hypoeutec 
asing the nucleation rate of fer! 
ittle or no effect on the growth rate 
The boron effect which is lost at hig 
temperatures is recovered as 
lowering the tem 
ing temperature range before quenching 
» boren precipitate, which forms at approx!- 
50°F after austenitizing at 2000°F on 
r, does not' appear if the temperature 
ywwered to the normal austenitizing tempt 
ange for a short time before isothermal treatment 
at 1200°F 
4—If the boron content does not exceed a crit 
value (approximately 0.0001 to 0.0003 pct), the 
an be au ‘d at 2000°F with little | 
hardenability and without forming the boron 


ttle 


A mechanism has been proposed to l Devel 
ron on the nucleation of ferrit ind 18(600)-155 
bainite. This mechanism assumes that 
perfections furnish the energy required for n 
tion. It is further proposed that boron, because 
trates at lattice imperfections. Bec: 


level of these imy 


presence of boron, they are le likely tes ; d ( ) r! on T Effect 
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cated in Table I] plotted as a function of 
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Plastic Deformation of Germanium and Silicon by Torsion 


Dy Cari vreiner 


Germanium and silicon have been plastically deformed in torsion at elevated 
temperatures. Slip took place on the four {111} planes. Dislocations, revealed by 
etch pits on a {111} face, occurred in rows that were traces of operative slip planes. 


HE plastic deformation of germanium and sili- 
con by bending and tension at elevated temper- 
atures has been reported by Gallagher.’ Transla- 
tional slip during plastic flow in these materials, 


according to Gallagher’ and Treuting,’ occurs on 
111} planes. Recent work by Treuting’ indicates 
the direction of slip to be <110 The present paper 


describes the plastic flow characteristics of germa- 
nium and silicon deformed by torsion 

Torsional deformation was accomplished by twist- 
ing %4x'%4x2 in. specimens held in molybdenum 


ps and contained in an atmosphere of helium in 


grij 
a transparent quartz tube and heated by an exter- Fig. 1\—Germanium and 

‘ecictar The rislar isp] Nent< 
nal resistance furnace The angular displacement silicon plastically de 
were measured on a graduated circle with a pointer formed in torsion. o— P 
attached to the movable grip. Temperatures were Germonium, 850°C. b— 

& 

measured with a chromel-alumel couple; the hot Silicon, 1180°C 


junction was within the quartz tube and in close 


proximity to the specimen ww 

Photog hs of samples of germanium and silicon | j 

and the silicon 80° per in. These deformations are 4 


twisted at 850° and 1180°C, respectively, are shown 


in Fig. 1. The germanium was twisted 230° per in 


grapn 
larger than those used in experiments to be de- 
scribed later and are presented only to emphasize 
the extensive plasticity of these materials 


Germanium 


A single crystal specimen of germanium (n-type 


7 ohm-cm resistivity) with a (111) plane normal juring the twisting of these specimer - gene 
within 3° of the torsion axis, Fig. 2, was chemically a 
polished with CP-4 solution* and then twisted 9 nium, the slip lines from the (i111) plane hould 
—__-- ——— nave appeared in the fou iteral face nstead of 
° HF, 25 cc HNOs, 15 cc HCsHsOs, and 3 to 4 droy { Br only tw Perhaps the absence of tatio p 
per in. at 600°C. After the deformation, the surfaces t ight about by the square cro ect 4 n 
of the juare specimen contained straight-line irical specimen would have a more uniform stre 
markings as shown sche matically n Fig. 2. The sliy distribution in tor m than one with a square cro 
lire n the (110) face are illustrated by the micro- ectior ind I ie! mt tational i 
graph in Fig. 3. Stereographic analysis showed that A specimen of germanium (n-type, 5 ohm-cm re 
the slip lines 1 and 2 in the (110) face are traces of eut to expose the (111) dace 10° B0 fram the te 
(111) and (111) planes, while slip lines 3 and 4 in sion axi Fig. 4a. This face, after metallographic 
the (112) face are traces of (111) and (111) planes , row ‘ 
Thus, slip occurred on all four octahedral planes x 
but predominately on the one almost normal to the ) 
The slip lines from the (111) plane were observed 
only in the {110} faces. This suggests that plastic A oe ya ~~ 
flow in the (111) plane consisted of slip in the [110] gi 7 a. FACE 
direction. Several investigators** have reported ex- K\ ee 
perimental evidence of rotational slip about a nor- Eé : 
mal to the slip plane. If rotational slip had occurred \ p si LINES OBSERVED IN GERMANIUM 
L-/ RYSTAL AFTER TWISTING 
S. GREINER, Member AIME, is Member of Technical Steff ¥ 
Bell Telephone Laboratories Inc, Murray Hill, NJ . 


Discussion on this paper, TP 3884E, may be sent, 2 copies, to 
AIME by Apr. 1, 1955. Manuscript, Mey 24, 1954. Chicago Meeting 
Februery 1955 


Fig. 2—Sketch of crystal with o (111) plone normal to the torsion 
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‘4 
TORSION 


TORSION 
Axis 


Fig. 3—Slip lines in o 110 face of germanium crystal twisted - 
per in. at 600°C XISO Area reduced approximotely 75 pct for 


reproduction 


and etching with CP-4 lution, showed Fig. 5—Slip lines in two faces (nearly parallel to (110) planes) of 
e! t ge located in rows having silicon crystal twisted 8° per in. at 1000°C. Micrograph shows slip 
firectior Fis 4b and The lines in face A. X100. Area reduced approximately 75 pct for 
he plan f obs« atior V oge Pfann Cc rey : 

rection and the sides nearly parallel to {110} planes, 
formed when dislocation lines intersect such faces 2° Polished with a solution of HNO, and HF.* The 

‘ e been reported in germanium * 20 cc HNO, and 5 cc HF 
re} ed by bending specimen was then twisted 8° per in. at 1000°C. Slip 
The der f pits varied, the maximum occurred lines in two of the faces are shown schematically in 
fa. | at sepresen- Fig. 5, where a micrograph of the slip lines in face 
t e of ea and ha mee ired density of A is also included. Stereographic analysis showed 
, ~ = that lines 1 and 4 are traces of the ( 111) plane, lines 
tion of the germanium withis “ft. ante : 2 and 4 are of the (111) plane, and line 3 is of the 
atanmiation free of pit = (111) plane. The direction of slip lines 5 could be 
; acted — part of the specimen determined only approximately, but stereographic 
jef ed analysis indicates these lines are traces of the (111) 
Silicon plane. Thus, both in this specimen of silicon with 
of the torsion axis nearly in a <001> direction and in 
001> di- the previous specimen of germanium with the tor- 
sion axis in a <111> direction, slip occurred on all 

“> four octahedral planes 

Summary 
f 1—Germanium and silicon have been plastically 
- deformed in torsion at elevated temperatures; the 
slip plane is {111} 
, 2—If a {111} plane of a germanium crystal (hav- 
L ing a square cross-section with (|110} and {112} lat- 
eral faces) is almost normal to the torsion axis, slip 
appears to occur on this plane in a <110> direction 
c Slip also occurred on the three other {111} planes 

3—Dislocations, revealed by etch pits on a {111 


face, were observed in a specimen of germanium 
Jefort torsion. The pits occurred in rows that 
were traces of operative {111} slip planes. The den- 
sity of dislocations increased with the amount of 
jeformation. In one of the more severely deformed 
areas, the dislocation density was about 10° per sq 


cm 
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Technical Note 


Purification of Gallium by Zone-Refining 


N the course of research on semiconducting inter- 

metallic compounds, it became necessary to obtain 
gallium metal of greater purity that that available 
commercially. Several methods were considered 
for further purification, including acid leaching, 
fractional crystallization,’ and zone-refining.”* The 

nethod of fractional crystallization was discarded as 
being equivalent to zone-refining in purification but 
inefficient in material and time. Both acid leaching 
and zone-refining were tried, and the method finally 
adopted is a combination of the two 

The acid leaching technique has been reported’ to 
produce gallium in which no impurities are detect- 
able spectroscopically. Although this method is very 
effective in removing oxides and surface contami- 
nants, semiconducting material made of gallium 
subjected only to leaching indicated little reduction 
in the concentration of metallic impurities. Zone- 
ing trace metallic impurities, but comparatively in- 
effective in removing the surface oxide film. Con- 
sequently, the method evolved consists of acid 
leaching to thoroughly clean the surface, followed 
by zone-refining to remove metallic impurities 

The low melting point and relatively high thermal 
conductivity of gallium introduce some difficulty in 
maintaining frozen and molten zones in zone-refin- 
ing. To accomplish this, it is found necessary to 
reduce the effective ambient temperature by circu- 
lating ice water in coils about the regions that are 
to be kept frozen, while heat is supplied to the 
molten regions by resistance coils. The power sup- 
plied to the heating coils is regulated by a constant- 
voltage transformer and a variable autotransformer 
Both heating and cooling coils are mounted on a 
transite base. The gallium ingot is held in a closed 
pyrex tube sliding inside the heating and cooling 
coils, the reciprocating method of Tanenbaum et 
al.* being employed to move the molten zones through 
the ingot at a rate of 2 in. per hr. This apparatus is 
shown in Fig. 1. 


Fig. 1—Gallium zone-refiner. The cooling coils are covered with 
asbestos 
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v¥ ™ 
Table |. Spectrographic Analysis 
Galliam Treatment Pb, Pet 


As-received 0 
Acid leached 0.00xX 
Purified end of zone melt 0 000 
16 cm from‘pure end of zone melt 0.000 
24 cm from pure end of zone melt 0.00OX 
2 cm from pure end of zone melt 0 00X 


The results of a spectroscopic analysis® of a zone- 
refifed ingot, of the material as-received 
and after acid leaching, are shown in Table 1. The 
length, and received 37 molten- 


is well as 


ingot was 32 cm i 
zone passes, the molten zone being about 4 cm long 
The only impurity found was lead, the fol'owing 
elements being reported also as checked but not 
found in the pure material: Al, Sb, As, Ba, Be, Bi, B, 
Cd, Ca, Cr, Co, Cb, Cu, Ge, Au, Fe, Mg, Mn, Mo, Ni 
Pt, Si, Ag, Na, Sr, Sn, Te, Ti, W, V, Zn, and Zr. There 
thus appears no indication of pickup of Al, Mg, or Si 
reported by Zimmerman’ in 


from the pyrex boat as 


his fractional crystallization 

Thus it appears that definite 
gallium occurs during the zone 
also may be concluded that a more 
lytical procedure than spectroscopy is required to 
evaluate quantitatively the purity of zone-refined 
proposed for 


removal of lead from 
refining process. It 


sensitive ana- 


metals. One such procedure which 
use in the near future is the measurement of very 
low temperature res Although this will not 
identify the impurities present 


sensitive check of total impurity 


tivity 
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Study of a New Mode of Plastic Deformation in Zinc Crystals 


search Dept 
Discussion on this poper 
AIME by Apr. 1, 1955. Manuscript, Jun. 7, 1954. Chicago Meeting 
February 1955 


Zinc monocrystals, when compressed nearly parallel to their basal planes (within 2°), 
deform in a new way; and certain deformation markings, called “.-bands,” are typical of 
this mew mode. Characteristics of these u-bands are described. Mechanical behavior of low 
angle zinc monocrystals was investigated in some detail. Recrystallization did not occur 
banded specimens that were free of deformation twins. «-Bands do 
not seem to be the result of nonbasal slip, but rather, a result of a microbuckling mechan- 
ism Bonds differ qualitatively and quantitatively from ortho kink bands. A dislocation 
model, consistent with some of the features of .-bands, is described. 
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do not have the same genesis as kink bands, and they 


are qualitatively different in structure. As will be 
indicated by later discussion, the bands seem to be 
related to the tensile deformation bands observed in 
aluminum. The present author has chosen to call the 
band micro deformation bands,” or simply “,- 
bands,” and the deformation process, “y»-banding.” 


Experimental Methods 
Crystals were grown from 99.999+ pct Zn ob- 
tained from the New Jersey Zinc Co. The details of 
the technique are given elsewhere.” It should suffice 


ty tr 


‘ 
ay that 


the crystals were seeded for orientation 
ontrol, and precision pyrex tubes were used for 
lding them. About 40 crystals were used, yield- 
ing some 130 specimens 
Fig. 1 illustrates the typical form of the specimens 
and shows how the orientation angles are defined 
The crystal specimens were usually 1*% in. long and 


about 150 mil in diameter. The angle between the 
slip or cleavage plane (0001) and the specimen axis 
is designated by y,. while a is the angle between the 
maximum slope of the (0001) plane and the nearest 
close-packed direction [1210], varying from 0° to 30 
The crystals were cut into specimens with a jew- 
eler’'s saw and the ends were squared by filing (speci- 
mens held in V-block). Crystals of this orientation 
are stiff toward bending, so this procedure: intro- 
duced only deformation localized at the ends. Then 
the specimens were polished either chemically in 50 
pet HNO, or electrolytically in 20 pct chromic acid 
The mechanical tests were made with an Instron 
testing machine. This machine weighs by means of 
electric strain gages on elastic bars and is quite stiff 
since the full-load deflection of its load cells is at 
most 0.002 in. Most of the testing was done at a 
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crosshead speed of 0.002 in. per min and a recording 
chart speed of 1 in. per min, giving a strain magni- 
fication of X500 

Two compression jigs were used (shown schemat- 
ically in Fig. 2). Jig a was used for room tempera- 
ture testing. It has high precision bronze bearings 
which result in rigid axial motion of its crosshead 
Jig b was used for the high and low temperature 
tests. Its bearings are rather loose because they had 
to operate freely without lubrication. It was found 
by experience that this did not appreciably affect 
the results 

High temperatures (to 200°C) were obtained by 
immersing jig 6 in hot silicone oil and low tempera- 
tures by means of baths of ice water, dry ice-acetone, 
liquid nitrogen, and Freon 12. No attempt was made 
to control the temperature more closely than +2.5°C 

Standard microscopic and X-ray methods were 
used for examining the crystals. The orientations of 
the crystals were found by the Greninger back- 
reflection technique with an accuracy of + % 


Results 

Mechanical Tests—Introduction: For borderline 
orientations (, near 2.5°), one specimen of a given 
crystal sometimes formed an ortho kink while an- 
other did not. This presented an opportunity for 
comparing the stress-strain curves characteristic of 
the two modes of deformation, ortho kinking and 
p-banding. Fig. 3 contains a typical comparison 

The initial parts of the two curves of Fig. 3 are 
Both specimens yielded at about the same 


the same 


Fig. 1—Geometry 
of ximc monocrys 
talline specimens 
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Fig. 2a—Compres- 
sion jig for room 
temperature tests. 
ay 
sion jig immersible il 
for low and high 7 
temperature test 


load, 0.28 kg per sq mm, but immediately thereafter 
the load rose most rapidly for the specimen that did 
not kink (curve A). The load continued to rise for 
the unkinked specimen to a much higher maximum 
value than the maximum load for the specimen that 
kinked 

Curve 
formed by »z-banding. It wa 
points of the curves were not 
present test conditions. However, the curves were 
linear at small strains and the slopes of the linear 
portions of the curves were found to be reproducible 
Therefore, this characteristic, 4, or the plastic mod- 
ulus, was chosen as the strength parameter. The 
plastic modulus was determined with the aid of im- 
mediate reload curves that were run after each test 
These curves indicated the elastic strain in the speci- 
train in the machine up to the last 
nonplastic strain was subtracted 
from the original curves, and the slopes of the de- 
rived curves gave the plastic moduli. For curves 
without yield points, the plastic moduli were taken 
at stresses of about 2 kg per sq mm to further insure 


A in Fig. 3 is typical for specimens that de- 
found that the yield 
reproducible under the 


mens plus the 
plastic load. This 


comparative conditions 
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Fig Comporison of the lood-compression curves for the two 
nodes of deformation that ore exhibited by low angle zinc crystals 


2° ond 7* Curve A is u-banding, 8, ortho kinking 5 20 25 
(DEGREES) 


Fig. 5—Effect of orientation angle, a, on the plastic modulus 
ot RT. (y.~0* for all crystals.) 


The extremely high strain-hardening rate becomes 


t when it is recalled that the elastic modulus 


f zim about 12x10° kg per sq mr 
Effect of Temperature: Typical stress-strain curves 
tor tals compre ed at val is termperatures are 
Fig. 4—Typicel presented in Fig. 6, and the charact tics of the 
plastically buckled ae sre plotted in F 7. The two figure (6 and 
7) clearly indicate th ither complex temperature 
lepende ce f the defé mation CESS the 
pla julus decreased considerably with decreas- 
ng temperature (below 80°C, the slope of the 
irve after the yield point was taken as the plastic 
modulus). This softening with decreasing tempera- 
ture seems anomalous in comparison with the tem- 
perature dependence of slip in zinc Second, the 


rield stress rose rapidly with decreasing tempera- 
in the range 80° to 196°C, and at about 


ture 

Anothe mportant characte tie f the load- 150°C a definite yield point with a drop in load 
irve the i aid supported uppeared. Finally, at both ends of the temperature 
t é he 1x the stress-strain range, ortho kinking was observed. It occurred in 
‘ t buckling (illus- all of the crystals tested at 196°C and erratfcally 
; I portional to the when the temperature was raised to 165° to 185°C 
tha é tai orienta- The dotted curves show the probable course of the 

: i é te erature. The solid curves if kinking had not intervened 
X led In crystals Prestrain and Strain-Aging Tests: It was believed 
t t} ‘ axis and the that the observed increase of strength with increas- 
. ix r? . buckling stresses ing temperature might have been caused by a strain- 
t he he . f pletene al- aging mechanism analogous to the one that operates 
} f the tals will not in the blue brittle range of steel. Several sequences 
i in det of aging and testing were performed in order to test 
The st train curves for this possibility. The results of these tests were partly 
A ta le pe 1 irkealivy on the negative, inasm ich as the showed no ¢ vidence of 
Little effect was noted for , conventional strain aging, but they did lead to an 

tw ‘ than 2 Wher ) so that nteresting new result 

i direction in the tal was nominally It was found that prestrain at 25°C produced a 
: the cor ‘ : the crystals were yield-point phenomenon at a lower temperature 
ifter tl wher that two (—80°C) and that the yield-point elongation de- 
ed direct! Ke i angles with the pended on the amount of high temperature prestrain 
pre ixis). F ) shows the variation of the This is illustrated by Figs. 8 and 9. A clear yield 
astic modulus, 4, and the ickling stress with a point was produced at --80°C by prestraining a virgin 
It may be seen that the plast lulus varied b. crystal at 25°C: see curves a, b, and c. Curves d 
a fact if almost 4X as a changed from 0° to 30 and e show that aging at 25°C either after some 
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strain at —80°C or some strain at 25°C caused no 
unusual behavior. The shapes of the curves differed 
somewhat; that is all. Note that the yield stress at 
25°C was appreciably higher than the highest prior 
stress at —80°C. This confirmed the shape of the 
plastic modulus curve in Fig. 7. The loadings indi- 
cated by curves f and h were performed in order to 
investigate further the influence of the amount of 
high temperature strain on the low temperature 
vield-point elongation. Curve f represents a strain 
of about 0.055 pct, whereas curve h shows a strain 
of 0.006 pct. Curve g (following f) shows greater 
yielding than curve i (following h), but the respec- 
tive yield-point elongations are not directly propor- 
tional to the amounts of prestrain 

After tests had established that no aging treat- 
ments but only prior prestrain at 25°C would pro- 
duce a yield point at —80°C, some tests were per- 
formed in order to see what was happening during 
the “vield-point elongation” portions of the curves 
Fig. 9 presents typical results The technique was 
to partially unload a crystal during the course of a 
test. Curves a and b of Fig. 9 show that this had 
little effect at either 25° or 80°C when the yield 

) 


Les 
point was absent. At 25°C there was an increase in 
the vield stress after partial unloading, but this was 
small. On the other hand, curve c shows a distinct 
effect when the crystal was partially unloaded dur- 
ing vielding. The effect was to create a new yield 
wint. It was shown that the effect was caused by 
iloading alone and not by the amount of unloading 


This was done by stopping the tensile machine's 


crosshead for the same length of time as that re- 
quired for the unloading treatment. For both cases, 
the effect was the ame (curve c) It can be seen 
from curve c that partial unloading while the speci- 
men was deforming at constant stress only produced 
other vield point. As the stress rose above the 
eld-point value, the effect of partial unloading be- 


came small although the yield stress, after partial 
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Fig. 6—Compressive stress-strain curves for crystols tested ot 
various temperatures (nominal orentation wos 0° ond 
0° for all crystals 
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unloading, was always slightly higher than before 

Finally, a test was run to see whether the pre- 
strain effect would disappear upon 25°C aging. To 
do this, the specimen was strained at 25°C (curve 
d), held for 16 hr at 25°C, and then cooled and re- 
loaded at —80°C (curve e). The aging treatment 
did not eliminate the low temperature yield point 
t did have a striking effect on the value of the yield 
stress, however. At about the same stress level, the 
difference between the final stress at 25°C and the 
yield stress at —80°C was about 6 pct, when the 
aging time at 25°C was as small as possible, com- 
pared with 44 pct change in stress for an aging time 
of 16 hr 

Effect of Strain Rate: In order to determine the 
effect of increasing the strain rate 10X at 25°C, a 
test was run at a crosshead speed of 0.02 in. per min 
and compared with a test on a piece of the same 
crystal run at the usual speed of 0.002 in. per min 
The chart speed was increased to 10 in. per min to 
keep the magnification constant. The effect was a 
small decrease in the plastic modulus. This provides 
further evidence of the absence of appreciable strain 
aging 

Effect of Annealing: Annealing treatments were 
given to some of the crystals for three reasons: 1 
to determine the effect on the stress-strain curves, 


to see whether there was a marked change in 


leneth during annealing, and 3—to find out whether 


the crystals would recrystallize 

The effect of annealing on the stress-strain curve 
was to cause complete recovery to the initial state 
Specimens were loaded up to 4 and 8 kg per sq mm 
at room temperature, unloaded, and then heated at 
350°C for 30 min. After they had been repolished 
to remove the oxide film, they were reloaded at room 
temperature. The stress-strain curves obtained after 
annealing were essentially the same as the initial 
stress-strain curves. Thus, the crystals seemed to 
have completely recovered to the initial state during 


the anneal 
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Fig. 7—Choracteristics of the stress-strain curves of compressed 
zinc crystals as o function of temperature ‘nominal orientation wos 
x 0° and « 0° for all crystals 
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Annealed crystals were examined microscopically 


before and after etching for signs of recrystallization 
None were found 
The length change produced by annealing was 
In a crystal compressed 0.25 pct at room tem- 
erature, the le th increased less than 0.01 pect 
luri 10) min at 350°C 
Effect f uw-hbanding on Ortho Kinking It was 
pointed out under “Effect of Temperature” that the 
present sta leformed forming at 
‘ perature, but at 196°C the formed ortho 
kink band A f the re than two dozen speci- 
‘ that were tested at 196 ¢ exhibited ortho 
x No evidence bands was found for such 
Tt p- da to be ippressed 
ering the te eratu t 196 Tr Nas 
ated furthe by preloading two crystals at 
te ‘ sture > Kg pe mr ind then re- 
at 96 Wherea tho kinking 
‘ with a aximun 
t kg pe at 196°C. kinking 
7.7 k@ pe r afte ne room 
ading. Thus, the maximum kink- 
! ‘ 45X and was 4.7 kg per sq mn 
ed apt cally 
‘ ef n addit r 
‘ eT te 
T? ate ha ttle banding occurred 
ilt f hese experiment 
it od we tre tem- 
? the band ippress¢ 
‘ t wa tated i Int juction§ that 
‘ f tre ew l¢ f def ma 
pre Tt was 
‘ tet ‘ test ade me eT 
the sire ta that were used for 
te The t te howed only 
‘ ¢ hat produced twir 
hat : ‘ mr Bell and Cahn 
« 
‘ 
‘id = i if 


Fig. 8—Effect of prestrain ot 25°C on yielding ot —80°C in crystal 
1406. , 0° and a 0°. Curve o is first loading at 25°C of 
virgin crystal; curve 6, immediate reload at 25°C; curve c, speci 
men immediotely cooled to —80°C and reloaded, curve d, speci 
men heated to 25°C, held | br, reloaded at 25°C; curve ©, speci 
men held | hy more ot 25°C and reloaded ot 25°C; curve f, speci 
men immediotely reloaded at 25°C, curve g. specimen immediotely 
cooled to — 80°C ond reloaded; curve 4, specimen heated to 25°C 
held br. and reloeded ot 25°C; and curve specomen immed: 


ately cooled to —80°C and retested at —80°C 
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Fig. 9—Yielding phenomena: effect of test interruptions and effect 
of aging after room temperature prestrain. Crystal 140d. , o° 
and a —0*. Curve a is first test ot —80°C; curve b, specimen 
heated to 25°C, held ‘4 hr, reloaded at 25°C; curve c, specimen 
immediately cooled to —80°C and reloaded; curve d, specimen 
heated to 25°C, held ‘2 hr, ond reloaded at 25°C; and curve e, 
specimen held 16 hr at RT, cooled to and reloaded at —80°C 


have observed tensile twinning stresses in ZINC as 
high as 5.7 kg per sq mm without prior plastic de- 
These stresses are considerably higher 
than the 0.2 to 0.3 kg per sq mm required to start 
lastic deformation in compression 


Further evidence that u-bands form in com- 


pression was found in bend tests on i speci- 


nens or cleavage flakes. Microscopic examination 
readily showed y-bands on the compression surfaces 


crystals, but none on the tension surfaces 
(See also ref. 5.) 


Compression Followed by Tension 


of bent 


Special grips 
were attached to several specimens so that they 
could be compressed and subsequently pulled in 
tension. The grips, which enabled this to be done 
! 1 of handling between the tests, are 
trated in Fig. 11. These tests had two purposes 
purpose was to obtain further infor- 
nation about the mode of deformation. There was 


est in seeing what effect, if any, 


me inte 


u-banding might have on the stress required for 


Fig. 11 indicates typical results. The first tensile 
test, curve a, was made in order to show the absence 
of tensile deformation in a virgin crystal. Curve b 
jeformation produced in compres- 

on of the same crystal. Curve c shows that pulling 
the previously compressed crystal caused it to de- 
form plastically up to a stress of roughly half the 
highest compressive stress. Then the crystal stopped 


deforming until it finally twinned at a tensile stress 


of about 5.7 kg per sq mm he amount of strain 
that was recovered in the teis.ts test was approxi- 
ately equa! the strain produced by the previous 


compression test 
None of the tests indicated any marked effect of 
rior compression on the tensile twinning stress 
Certainly it was not lowered by prior compression, 
and it may have been raised somewhat 

Yield-Point Tests: The possibility existed that the 
150°C and the yield point produced 


vie 
by prestrain were somehow related to the conven- 
tional impurity yield point that is observed in zinc.’ 
Therefore, tests were made on crystals with , 35° 


that had been grown in the same manner as the low 
angle crystals. The tests were made in tension and 
Wain and Cottrell" 
showed that a minimum strain-aging treatment of 


slip was the deformation mode 


9 hr at room temperature could result in a yield 
point in impure zinc crystals. Room temperature 
strain-aging treatments up to 48 hr were tried in 
this investigation. No yield points resulted. Then a 
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more severe test was tried. A crystal was strained 
at room temperature, aged in the testing machine 
for about 64 hr at room temperature, and tested at 
—196°C. No yield point was observed 

It was concluded that no conventional impurity 
yield point could be found for the present crystals, 
and the yield that appeared at about —150°C must 
be accounted for in some other way 

End-Effects: In order to check on the importance 
of the method of loading at the ends of the crystals, 
specimens that had their ends soldered into brass 
cups were compressed. The load was applied to 
the ends of the cups. The plastic moduli for such 
specimens were the same as for specimens with free 
ends. It was concluded that the details of the load- 
ing method were not essential in obtaining the re- 
sults described in this report 

Surface Markings—Fxternal During 
compression of the low angle zinc crystals, markings 
appeared on their polished surfaces. Examples of 
these markings, called »«-bands, are shown in Fig. 12 
Many experiments were performed in an attempt to 
identify these markings 

At best, the u-bands were difficult to see. They 
could be seen under the microscope only at rela- 
tively low ations such as X100. At X400 
away, and at X1000 they could 
not be seen at all. The lowest stress at which they 
They 


easily in specimens 


Surfaces 


they began 


could be detected was about 2 kg per sq mm 
could be seen somewhat more 
deformed at low 
formed at higher 

The topography 
means of microinterferometry 
wavy contour of the 


temperatures than in those de- 
temperatures 
of the bands was investigated by 
This confirmed the 
surface indicated by ordinary 
microscopy, but it gave little additional information 
The geometry of the bands was investigated by 
holding crystals in a goniometer under a microscope 
equipped with a graduated rotating eyepiece. The 
angles that the u-bands made with the cross-sec- 
tional planes were plotted as a function of position 
on the crystal surface. It was found, for crystals 
with a 0, that: 1—The bands were elliptical. 2 
The bands made an angle of 0° with the cross-sec- 
tional plane where the hexagonal axis intersected 
Where the basal plane 
sected the surface, the bands disap- 


Adjacent to these points, the angles with the 


the surface 3 diametrix 
(0001) inter 


peared 


20 

CENT COMPRESSION 

Fig. 10—Load-compression curves showing the effect of tem 
perature on kinking ond .-band formation. 2°, 3 6°, 
ond a 6°. Curve A is room temperoture test; curve 8, 
liquid nitrogen test; and curve C, prelooded to 3 kg per sq 
mm at RT, then tested in liquid nitrogen 
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CRYSTAL 14866 
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Fig. 11—Effect of compression on a subsequent tensile test of 
crystal 148b. x 1° and a = 0°. Curve a is tensile test of virgin 
crystal; curve b, compression test immediately after test of curve 
@; and curve c, second tensile test immediately after test of curve b 


planes were a maximum. 4—The 
p-bands made with the 


varied from 28° to 32 5 


cross-sectional 
maximum angles that the 
tional planes 


» bands was about 3x10°* cm. The 


The spacing of 
geometry the u-bands that may be readily de- 
duced from foregoing observations is indicated in 
Fig. 13. Here £6 is defined as the angle between the 
hexagonal axis and the plane of the »~-bands 

It was found that one set of bands was present 
than about 0.4 pet). For 
largerastrains, two sets of u-bands usually were ob- 
with a 0. When a 30°, a 
many as four sets of markings were observed with a 


only for small strains (less 


served in crystal 


more complex geometrical arrangement than that 


described previou 
Many attempt 
movement of the u-bands 
These failed. This wa 
not surprising, since the stra 
than 1 pet and £ could not be me 
than =1 Furthermore 
after deformation at variou 


were made to detect rotation or 
as deformation progre 


omewhat di appointin 


rately 
tempel! 
ations with temperature were detected 
It should be pointed out that marking 
of basal slip were sometime: 


indicative 
observed at low strains 
tended to 
disappear, so that only w-bands could be seen at 


strains of about 0.7 pct 


As the strain was increased, these band: 


Cleavage Surfaces: Markings also were obs 
urfaces (Fig. 12). In one experi: 
a crystal was cut into several pieces and the | 
were loaded to 0, 1, 2, 4, 6, 8, and 10 kg per sq 
After their outer surfaces had been examined 


on cleavage 


croscopically, the specimens were cleaved ir 


nitrogen and their cleavage were ¢ 


In another experiment, a small piece wa 
off one end of a specimen. The smal! area of exposed 
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b—Crossed bands on surface of crystal c—Bands on cleavage surface (cleaved 
after compression); .-bonds very faint 


o—Crossed bends on surface of buckled 


Example of u-bonds on the surfoce of zinc crystals. X100. Area reduced approximately 25 pct for reproduction 


ved that s-banding 
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a form of microscopic buckling. The reasons for 
this interpretation are as follows 
try: The only slip system that is consistent 
with the observed surface markings (Fig. 13) is the 
(1011) plane and the [1012] direction. This seems 
a highly unlikely system. On the other hand, the 
bands intersect the (0001) slip plane along the 


1010] direction that is 90° to the [1210] slip direc- 


tion. They make angles with the hexagonal axis of 
28" to 32 Thus, their geometry resembles that of 
tensile deformation bands (see Cahn,” for example), 


except that their angle with the hexagonal axis 
ibout 10° greater than the corresponding angle for 
tensile bands. They also differ from tensile deforma- 
n bands in their size: ~-bands are about 3x10° 
n width, which is about ten times less than the 
width of tensile deformation bands in aluminum 
Absence of u-Banding in Tension: This is a very 
trong argument against the nonbasal slip inter- 
retation. There is no reason for expecting slip to 
depend on the sense of the normal stress across the 
planes. Again, however, the absence of u-bands 
tensile deformation is just what would be ex- 
pected if microbuckling were the deformation mode 
Strain Recovered in Tension: Fig. 11 shows that 
strain can be recovered from a w-banded specimen 
pulling it in tension. The recovery begins at ten- 
le stresses that are small compared with the high- 
est previous compressive stress. This cannot be ex- 
lained as a Bauschinger effect or by thermal re- 
yn. However, it is consistent with the straight- 
t of buckled regions of a crystal, but it 
not be expected for a slip process 
believed that the present ~-bands are the 
ame thing as the “micro kink bands” observed by 
Holden® and by Pratt.” They have the same general 


appearance and their sizes are comparable. Holden 
states his bands were about 3.8x10°* cm wide and 
0.09x10* cm higt He says the kink angle was 
about 1.4 

Although the rotations in the s«-bands were not 
measured in the present work, the maximum rota- 
tion angle given by a simple calculation was about 
65° and the heights were calculated to be about 
0.3x10* cm. These figures, which are not greatly 
different from Holden’s measure values, were ob- 
tained by considering the deformed specimens to be 
buckled into a sine-wave shape on a fine scale. Then 
it was assumed that the length of the sine wave 
must be equal to the undeformed length of the 
specimen 

Pratt® presented a small amount of evidence show- 
ing that the “micro kink bands” that he observed on 
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‘ age irface was exar ned after the pecimen 
tri expe ment (cleavage atte! leforma 
eo his were noted: The specimens became 
iit eave the ia wa n- 
iid be eer mn the cleavage 
| Howeve the bands on the 
© seer fte muct yer ioad 
‘ irtace tre vere 
ef trie ive e bands had 
t? ‘ tat ‘ put tre could be 
ee ‘ 
ie i X-ray Studies e of the X-ray experiments 
spe nw eated ghe ads 
After each loading, a back-re- 
fle ap? Nia taker st =the ame 
tha eflection from the (0001) plane 
tod cc te ibd led as the load was raised, no aster- 
= ‘ bac ed until the ad became 7 kg per sq 
"ea 1 the me nen began to buckle (giving 
irvature) 
I patterns were a examined for changes 
ed +) men } def bys lir N 
i lig etween the un- 
os the deforme 
eee linary X-ray methods showed the ex- 
mut the ere ipa fre Vitis learly 
Discussion 
4 
as if nd ho} n other 
he band ‘ een readily in de- 
rox tals. The nfiit tr KINKI which in- 
te that they inhibit There some eVi- 
e that thev als ncrease Cavare trength and 
i his may be one of the mechanisms by which pre- 
ae tra affects cleavage fract ‘ 
Be \ was thoug } he esent mode of 
leformation might simy nsust of slip on nonbasal 
be untenable. Instead, it is belic 


cleavage flakes lay in planes parailel to the hex- 
agonal axis (that is, 8 0). This may be true for 
very thin specimens, but 8 was never equal to zero 
for the present specimens 

The term “micro kink bands” seems to be inept 
to this author because there is a qualitative as well 
as a quantitative difference between »s-bands and 
ortho kink bands. This is indicated by the differ- 
ences in the geometry of the two types of band, by 
the fact that ortho kink bands and ,sz-bands are 
sometimes competitive deformation modes, and by 
the very large size difference—a factor of 10° to 10 

Although the detailed structure of the u-bands is 
unknown, the dislocation model that Hart” proposed 
for tensile deformation bands represents some of 
their features. In Fig. 14 this model is compared 
schematically with the model for ortho kink bands 
that Hess and Barrett proposed.” In the model for 
ortho kink bands (Fig. 14), the dislocations are 
closely spaced in walls that are widely separated 
but in the model for u-bands (Fig. 14b), the disloca- 
tions appear in closely spaced pairs that are sepa- 
rated in walls. Depending on the types of pairs, the 
bands have one of two inclinations with respect to 
the slip plane. These correspond to the two observed 
orientations of u-bands. The density of excess dis- 
locations in a specimen compressed 1 pct is esti- 
1ated (from the average lattice curvature) to be 
10” lines per sq cm. Although it is not clear how the 
dislocations might have become arranged as in Fig 
l4b, the model seems to warrant some consideration 
model is consistent with 
Second, the experi- 


for two reasons: First, the 
the experimental observations 


=28-32° 
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Fig. 13—Schemotic geometry of u-bonds im zinc monocrystals with 
0° and a = O° 
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Fig. 14—Schematic dislocation models 


(blocked ends of the specimens, 
require exces dislocations of 
within the crystals after 

arrangements that 


14b is the only 


mental conditions 
no macrobending) 
both signs to exist com- 
pression; and of the few possible 
these might assume, the one of Fig 
one that fits the present observations 

Since the details of the deformation mechanism 
can only be guessed, not much can be done to inter- 
pret the orientation and tempe 
the plastic modulus. The shape of the curve for the 
plastic modulus vs a (Fig. 5) cannot be reduced 
simply by resolving the stress appropriat 
direction. The curve 
action effect causes much of the strengthening as 
a ~ 30 

It has been shown that the temperature depend- 
(Fig. 7) seems not to be 
caused by a strain-aging effect. The next interpreta 
tion that comes to mind is that the plastic modulus 
might decrease with decreasing temperature because 
of a change in the anisotropy of the elastic constants 
of zine with tempe However, the author does 
not know how the constants of zim 
crystals vary with temperature 

The increase of the yield stress for w~-banding a 
the temperature decreased below 80°C remain 
completely unaccounted for. Nevertheless, the fact 
that the yield stress explains why 
kinking was observed for the specimens tested at 

196°C. »w-Banding inhibited kinking at the highe: 
temperatures (Fig. 11), but the yield stre for 
p-banding became so high at 196°C 
occurred instead 


rature dependence of 


along an 


indicates rather that an inter- 


ence of the plastic modulu 


rature 


elastic mono- 


does increas 


that kinking 


Apparently, an acute competition between kink- 
ing and gs-banding exists in zinc crystal This i 
indicated by the sharp change in the deformation 
mode as x, varies by 1° or 2 ; 

A partial interpretation can be made of the yield 
point that was observed at 80°C for specimen 
prestrained at 25°C. It is believed that a configura- 


less in the range te 
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Thus, the present yield point does not seem to be 
caused by dissolved gases 

6—Prestrain at 25°C induces a yield point for 
subsequent deformation at —80°C. Aging alone has 
The magnitude of the yield-point elonga- 
tion at —80°C depends on the amount of prestrain 
Aging at 25°C after prestraining does not remove 
the yield point at —80°C 
Prestrain at room temperature inhibits kinking 
at 196°C 

8—u-Bands do not form when crystals 
. 0 and a = 0 are pulled in tension. Such 
nens deform until the stress 
high enough for twinning. The 
are 5 to 10X higher than the 
to form in compression 


no effect 


with 
speci- 
elastically becomes 
twinning stresses 
stress required for 
p-band 


9—If a specimen is pulled in tension after it has 


been stressed in compression, it begins to elongate at 
i low stress and the compressive strain can be 
argely recovered. The compressive prestrain does 
not lower the stress for twinning and may raise it 
ghtl 
10—Annealing at 350°C for 30 min causes sub- 


stantially mechanical recovery 
tecrystalliz 


complete 
zation did not occur upon annealing of 
u~banded specimens that were free of deformation 
twins 

It is believed that »-bands are not the result of 
nonbasal slip. They seem to be a result of a micro- 
mechanism. They are qualitatively as well 
as quantitatively different from o1 kink bands 
A dislocation mode! that is consistent with 


the features of the u-bands is described 
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Technical Note 


Isothermal Austenite Grain Growth 


N extensive survey of the factors which affect 
austenite grain growth has already been made 
These factors are temperature, time at temperature, 
rate of heating, initial grain size, hot-working, alloy 
content, and rate of cooling from the liquidus-solidus 
temperature. In the present work, a vacuum-melted 
electrolytic iron was used and the variables studies 
were temperature, time at temperature, and prior 
ferrite grain size. Other factors were maintained con- 
stant 
The iron used in this study was vacuum-melted 
electrolytic iron of nominal composition of impur- 
ities of 0.07 wt pct. It was supplied as a 4% in. round 
cold-drawn bar. This iron was tested in three condi- 
tions: as-received, annealed 6 hr at 1200°F, and 
annealed 6 hr at 1600°F. Samples were 4s in. disks 
cut from the bar. The prior anneals were carried 
out in vacuum and the isothermal treatments were 
carried out in vacuum-sealed Vycor tubing 
The thermal etch technique was employed to deter- 
mine the austenite grain size. Prior to sealing the 
test specimens, one surface of the sample was pol- 
ished metallographically. This surface, after heating, 
was examined to determine the austenite grain size, 
since the austenite boundaries are revealed by ther- 
mal etching. This is essentially the only technique 
available for measuring the austenite grain size of 
low carbon steels or pure irons without altering the 
composition. It has been shown to yield results that 
are in agreement with other methods used for deter- 


mining austenite grain sizes. The specimen size was 
quite large compared to the grain size measured, so 
inhibition of growth due to size effects is probably 
negligible 

After vacuum sealing, each sample was placed into 
a furnace at temperature and at the completion of 
the run was quenched into a mercury bath. The 
growth temperatures used were 1700", 1800°, 1900 
and 2000°F controlled to +10°F. Growth times were 
varied from 10 to 240 hr. The long times were used 
in order to eliminate the nucleation and growth 
effects occurring during the initial transformation 
Time was measured from the introduction of the 
capsule into the hot furnace to the time of quench 
Grain-size measurements were made with the use 
f a grain-size eyepiece of a microscope. By deter- 
mining the number of grains per square millimeter 
at X100 and taking the square root of the reciprocal 
of this number, the average linear dimension of the 
grains was determined. Figs. 1 and 2 are plots of 
these data as a function of time and temperature for 
the various conditions investigated 

The variation of D, the linear dimension of the 
grains, was assumed to follow the equation’ 


D At 


The curves of Fig. 1 were obtained from the data by 
the use of the least-squares method of analysis. Fig 
s for the growth of the as-received stock and Fig 


2 is for growth after prior treatments. Differentiating 
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the foregoing equation gives an expression for the 
rate of growth 

dD/dt G nAt nD/t 
Both D and G as functions of t are given in Table I 
t should be noted that G is a function of time; the 
growth rate is rapid at early stages and decreases 
with increasing time. Since increasing temperature 
increases the growth rate, it has been common prac 
tice to use the empirical relationship 

G G.e* 

to relate temperature to growth rate. The growth 


rate customarily has been taken at constant values 
of D on the basis that the rate of growth is related 
to the boundary surface tension and this is measured 
by the curvature of the boundary. At constant D 
values, the growth rate is a function of time and 
temperature The growth rate can be related how- 
ever to temperature at constant time, and this ha: 
the advantage that under these conditions the growth 
rate is a function only of temperature. Obviously th« 
Q values, activation energies, obtained for each as- 
sumption will not be the same and the questioz 
which is the more correct is a moot one, since the 
assumed exponential relationship in either case ha 
no particular theoretical significance 

By plotting G, at constant grain size, vs 1/T, the 
activation energy over the temperature range « 
1800° to 2000°F is found to vary from 30,000 cal pe: 
mol at the smaller grain sizes to 50,000 cal per mol 
at the larger grain sizes. The 1700°F data do m 


correlate with the data at higher temperatures. The 
activation energies for the 1200° and 1600°F prio: 
annealed materials were calculated as 50,000 and 
62,000 cal per mol, respectively, using the reciprocal! 


time to a given grain size as a measure of the growth 
rate 
Plotting G, at constant times, vs 1/T yields an 
activation energy of 12,300 cal per mol for the tem 
H. 8 PROBST and M J SINNOTT, Member AIME. are Graduate 
Student and Associote Professor of Metallurgical Engineering 


respectively, University of Michigan, Ann Arbor, Mich 
TN 242E. Manuscript, Jun. 22, 1954 
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For brass,” ' values of 15,000 to 25,000 cal per gram- 


mol were obtained. For steel,” values of 45,000 to 
55,000 were obtained; for a iron, values of 25,000 to 

000 calories per gram-mol were calculated.” No 
more ignificance can be assigned to these values 
than that given the activation energies obtained from 
b wth rates taken at constant grain size, since, as 
tated previously, there appears to be no theoretical 
ba for the exponential dependency observed 

While there will probably be disagreement as to 
the meaning of activation energies as applied to 
grain growth, there is no doubt that the prior anneal- 
ng treatments given the iron produced coarser grains 
f austenite. It appears that the coarser the ferrite 


, the coarser will be the resulting austenite 
The as-received material on heating un- 
recrystallized to produce the finest grain 


ze f ferrite of the three that were studied, and 


thu ibsequently produced the finest austenite 
grains. Since the austenite nucleates at the a grain 
boundaries, it follows that the smaller the a grain 

ze, the greater will be the number per unit area 


and this leads to a smaller grain 


ment and subsequent growth after a 
ven time at temperature Undoubtedly, the changes 


transformation 


that occur du gz the period of x to 
have a pronounced effect on subsequent growth of 
the grains and should be more thoroughly inves- 
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